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Spin waves (and their quanta magnons) in magnetic structures 
could potentially be used as data carriers in future low-energy 
computing devices1–5. Spin waves can transfer information 

with low losses1–4,6,7 and can be used to implement logic functional-
ity based on a wide range of nonlinear spin-wave phenomena8–10. 
The phase of a coherent spin wave provides an additional degree 
of freedom (beyond amplitude) in data processing, thus decreas-
ing the footprint of logic units11–13, and magnonic structures can 
be scaled down to the nanometre regime14,15 and use spin waves  
with nanometre wavelengths16–18. Nanoscale single-mode mag-
nonic waveguides can also overcome the issue of parasitic magnon  
scatterings into higher modes19. Furthermore, reducing the dimen-
sions of magnonic structures to the atomic scale could poten-
tially shift the frequency of the spin waves from the GHz to the  
THz range20,21.

Several magnon-based data-processing devices have already 
been demonstrated, including spin-wave logic gates11,22–25, major-
ity gates26,27, magnon transistors and valves8,28, spin-wave mul-
tiplexers29,30 and unconventional and neuromorphic computing 
elements31–33. However, an integrated all-magnonic circuit, which 
is suitable for the cascading of multiple magnonic units, has not 
yet been developed. Nanoscale spin-wave directional couplers with 
reconfigurable functionality can constitute the core of integrated 
all-magnonic circuits34. However, while spin-wave directional cou-
plers have been explored experimentally35, their millimetre dimen-
sions and multimode spectrum limit their practical implementation.

In this Article, we report a magnonic directional coupler with 
single-mode waveguides of submicrometre width and based on 
yttrium iron garnet (YIG). Using space-resolved micro-focused 
Brillouin light scattering (µBLS) spectroscopy36, we investigate its 
functionality as a building block for integrated magnonic circuits. 

In the linear regime, the directional coupler exhibits the func-
tionality of a microwave filter for the processing of analogue and 
digital information, a power splitter for fan-out logic gates and a 
frequency divider or signal multiplexer. In the nonlinear regime, the 
outputs of the directional coupler can be controlled by varying the 
spin-wave amplitude, which can be useful for logic gates. We also 
combine linear and nonlinear directional couplers numerically to 
construct a half-adder—a prototype of a magnonic integrated cir-
cuit. Numerical benchmarking of the proposed half-adder (based 
on 30-nm technology) against a 7-nm complementary metal–
oxide–semiconductor (CMOS) half-adder shows that the proposed 
device has a 10-fold lower energy consumption and a comparable  
device footprint.

Magnonic directional coupler structure
Our submicrometre directional coupler (Fig. 1a) was fabricated 
from an 85-nm-thick YIG film6,7 (Methods) and consists of two 
spin-wave waveguides with a width of 350 nm. Near the point of 
spin-wave excitation, the waveguides are physically separated by a 
narrow gap of 320 nm. To transfer spin waves out of the coupled 
waveguides into an ‘isolated’ conduit, the waveguides bend at an 
angle of 12° until achieving a gap of 1.32 µm. A U-shaped antenna is 
placed on top of the first YIG waveguide to excite spin waves and at 
a distance of 2 µm to the second waveguide to avoid spin-wave exci-
tation in both waveguides (Extended Data Fig. 1 and Supplementary 
Note 1). When a field of 56 mT is applied along the waveguides, 
spin-wave frequencies ranging from 3.4 GHz to 3.63 GHz are excited 
well by the U-shaped antenna in the first waveguide (Extended Data  
Fig. 2 and Supplementary Note 2). Only the first width mode can 
be excited in this frequency range (single-mode nano-waveguide), 
as shown in the dispersion curve in Fig. 1b. To detect the spin-wave 
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intensity in the directional coupler, space-resolved µBLS spectros-
copy was used (Methods)36.

Linear functionality
As a first step, we measured the spin-wave intensity at five points 
along each output waveguide, as marked by blue and red crosses in 
Fig. 1a. Figure 1c shows the spin-wave intensities for the two output 
waveguides averaged over these points as a function of the excitation 
frequency. It can be seen that the two spectra show quite different 
features. In the first waveguide, the maximum spin-wave intensity 
is observed at 3.58 GHz. By contrast, the maximum intensity in the 
second waveguide is found around 3.465 GHz, and only very weak 
spin-wave intensities are detected above 3.575 GHz. To understand 
the nature of this frequency separation, the dispersion relations of 
the first two spin-wave width modes for coupled waveguides are 
shown in Fig. 1b (Methods). The colour coding represents the results 
of micromagnetic simulations, whereas the dashed lines were calcu-
lated using analytical theory (Methods)15,19. The dispersion curve of 
the first width mode splits into antisymmetric (as) and symmetric 
(s) modes due to the dipolar interaction between the waveguides. 
This results in an oscillation of the spin-wave energy between the 
coupled waveguides19,35. Thus, once the spin-wave energy is injected 
into only one of the waveguides, it will be transferred entirely to the 
other one after propagation through a certain distance, known as 
the coupling length L. This is defined by the wavenumbers of the 
spin-wave modes kas and ks, L ¼ π=Δk ¼ π= kas � ksj j

I
, and depends 

strongly on the spin-wave frequency and other parameters19.  

Because the length of the coupled waveguides is fixed, the ratio of 
this length to the coupling length L defines in which of the two out-
put waveguides of the directional coupler the spin wave is guided. 
Figure 1d shows the frequency dependence of the normalized output 
spin-wave intensities for both output waveguides. The experimental 
data are well fitted by the developed analytical model (Methods), 
indicating the high robustness of the proposed directional coupler 
design. The measured maximal transfer of the spin-wave energy 
takes place at a spin-wave frequency of around 3.48 GHz and is 
equal to 93.8%, which is only slightly below the theoretical value of 
100%. This difference is likely due to imperfections in the fabricated 
structure and might be decreased by further improvement of the 
nanostructuring process37.

It should be emphasized that complex magnonic circuits are only 
possible using single-mode waveguides. In these waveguides, width 
modes are well separated in energy to prevent elastic intermode 
scatterings38. Parasitic scatterings would introduce an energy loss in 
the signal-carrying mode and create complex interference patterns 
due to the simultaneous presence of waves with different wavevec-
tors. This is especially critical for concepts based on directional cou-
plers, because different wavevectors also possess different coupling 
lengths. The waveguides used in our studies are single-mode due 
to their nanoscopic size, which ensures separation of the modes 
(Fig. 1b). An additional advantage of the nanoscopic waveguides 
is spin-wave propagation in longitudinally self-magnetized wave-
guides, which allows for the efficient two-dimensional (2D) guiding 
of information19.
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Fig. 1 | Sample geometry and working principle of the directional coupler in the linear regime. a, Scanning electron microscopy (SEM) image of the 
directional coupler (shaded in blue) with the U-shaped antenna. An external magnetic field, Bext = 56 mT, is applied along the YIG conduits (x axis) to 
saturate the directional coupler in a backward volume geometry34 and a radiofrequency (RF) current with power Pmw = 0 dBm is applied to the antenna 
to excite spin waves. GGG, gadolinium gallium garnet. b, Spin-wave dispersion relation of the first two width modes obtained using micromagnetic 
simulation (colour-coded) and analytic theory (dashed lines). YIG waveguides of 350-nm width and with a 320-nm gap between are considered. 
c, Averaged spin-wave spectra measured by μBLS spectroscopy on the first (blue circles) and second (red squares) output waveguides. The arrows 
indicate the frequencies chosen for the demonstration of different functionalities of the directional coupler in e–g. d, The frequency dependence of the 
normalized output powers Pout/(P1out + P2out) with subtracted thermal background for both waveguides. Circles and squares represent experimental results 
and solid lines are theoretical calculations of the normalized output spin-wave intensity at the first (blue) and second (red) output waveguides. e–g, 
Two-dimensional (2D) BLS maps (the laser spot was scanned over an area of 9.4 × 4.5 µm2 with 30 × 20 points) of the BLS intensity for f1 = 3.465 GHz (e), 
f2 = 3.55 GHz (f) and f3 = 3.58 GHz (g). The right panels show the spin-wave intensity integrated over the red dashed rectangular regions at the end of the 
directional coupler.
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Two-dimensional BLS spectroscopy scans of the spin-wave 
intensity are presented in Fig. 1e–g to demonstrate directly the 
frequency-dependent functionality of the directional coupler.  
Figure 1e shows the case where most of the spin-wave energy is 
transferred to the second waveguide at a spin-wave frequency of 
3.465 GHz. This planar 2D directional coupler can thus be used to 
efficiently connect two magnonic conduits without the need for 
complex and costly 3D bridges, as used in modern electronic circuits. 
Figure 1g shows an entirely different spin-wave path in the directional 
coupler. The increase in the spin-wave frequency to f3 = 3.58 GHz 
results in a decrease of the coupling length L by a factor of approxi-
mately two. As a result, the spin wave transfers all its energy from the 
first waveguide to the second one and back. Thus, 86% of the total 
output spin-wave energy is guided back into the first output wave-
guide of the directional coupler. This demonstrates the potential 
use of the directional coupler as a frequency division demultiplexer: 
if different frequencies are applied to the same input of the direc-
tional coupler, they will be transferred to the different outputs of the 
device. Finally, Fig. 1f demonstrates that the directional coupler can 
also be used as a 50/50 power splitter, in which half of the spin-wave 
energy is transferred to the second waveguide and half of it remains 
in the first one. Such a splitter can also be used as a fan-out logic  
gate if an amplifier39–41 is installed at the outputs of the device to 

compensate the split in energy. Furthermore, for a fixed frequency, 
the output signal of the directional coupler can be switched from 
one output to the other by changing the external field in a small 
range of ΔBext = 4.7 mT (Extended Data Fig. 3 and Supplementary 
Note 3). Thus, magnetic fields from switchable nanosized magnets42 
could be used to realize a non-volatile nansecond-fast reconfigu-
rability of the directional coupler.

Nonlinear switching functionality
The processing of data, in general, requires the utilization of elements 
with nonlinear characteristics, as provided, for example, by a semi-
conductor transistor in CMOS. As mentioned above, the key ben-
efits of spin waves for data processing are their pronounced natural 
nonlinearity, which allows for all-magnon control of one magnonic 
unit by another. In our studies, the phenomenon of a nonlinear shift 
of the dispersion relation9,10 is used, in contrast to the multi-magnon 
scattering exploited in the realization of a magnon transistor8. In 
the relatively weak nonlinear regime, where the dipolar coupling 
between the waveguides is larger than the nonlinear frequency shift 
of the spin waves, nonlinear operation of the directional coupler 
can be described simply by taking into account the nonlinear fre-
quency shift of the symmetric and antisymmetric collective modes. 
The shift is the same for both modes and can be well approximated 
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Fig. 2 | Nonlinear functionality of the directional coupler. a, The dispersion relations of symmetric and antisymmetric spin-wave modes in the coupled 
waveguides for small (black dashed lines) and large (magenta solid lines) powers. The increase in spin-wave amplitude results in a downshift of the 
dispersion curves. b, Averaged output spin-wave intensity as a function of microwave power Pmw (dots, experimental results; lines, theoretical fits). c–e, 2D 
BLS maps of the spin-wave intensity for a frequency of f = 3.52 GHz and different input powers P1 = 2 dBm (c), P2 = 6 dBm (d) and P3 = 10 dBm (e). The right 
panels show the spin-wave intensity integrated over the regions indicated by red dashed rectangles.
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by the nonlinear frequency shift of waves in isolated waveguides43: 
f ðnlÞs;as ðkx; akÞ ¼ f ð0Þs;asðkxÞ þ Tk akj j2
I

, where f ð0Þs;asðkxÞ
I

 are the dispersion 
relations of the symmetric and antisymmetric modes of the cou-
pled waveguides in the linear region19, ak is the canonical spin-wave 
amplitude and Tk is the nonlinear shift coefficient (Methods). For 
the backward volume geometry (Ms||kx, where Ms is the saturation 
magnetization and kx is the wavenumber) used here, the nonlinear 
shift coefficient is negative9,43, so the spin-wave dispersion curves 
shift down with an increase in the spin-wave amplitude, defined 
by the applied RF power. The calculated spin-wave dispersions are 
shown in Fig. 2a for small and large applied microwave powers. As 
can be seen, for a fixed spin-wave frequency of 3.52 GHz, the cou-
pling length L decreases from π/Δkx

lin to π/Δkx
nonlin with an increase 

in input power, resulting in changed device characteristics.
To study the nonlinear switching functionality of the presented 

directional coupler, the microwave power Pmw was varied in the range 
from 0 dBm to 11 dBm. Figure 2b clearly shows that the respective 
output spin-wave intensity strongly depends on the input microwave 
power due to the discussed nonlinear effects. Figure 2c shows that, 
for a relatively low input power 2 dBm, the output spin-wave energy 
is transferred to the second waveguide. This regime can be consid-
ered a linear one. For an increased power of 6 dBm, the spin-wave 
dispersion shift implies that half of the output spin-wave energy 
is transferred back to the first waveguide and thus the directional 
coupler; accordingly, it works as a 50/50 splitter. A further increase 
of the input power to 10 dBm results in a further dispersion shift, 
a decrease of the coupling length L and a transfer of the spin-wave 
energy back to the first waveguide, as can be seen in Fig. 2e.

Design of the all-magnon half-adder
According to the obtained experimental results, we propose an inte-
grated magnonic circuit on the example of a half-adder consisting of 
two directional couplers and investigate its functionality by means 
of micromagnetic simulations. The simulations allow us to check 
the working principle of this design at a size comparable to a CMOS 
device and also to perform benchmarking. For the simulations, we 
chose a minimal waveguide width of 100 nm (see Fig. 3 for the sizes 

of the structure), which can be reliably fabricated using modern pat-
terning techniques14,15,37,44 (Methods).

A general schematic layout of a half-adder, in electronics form, 
is presented in Fig. 3a. This combines an XOR logic gate and an 
AND logic gate using 3D bridge constructions. It adds two single 
binary digital inputs ‘A’ and ‘B’ and has two outputs, sum (‘S’) and 
carry (‘C’). The truth table of a half-adder is shown in Fig. 3b and a 
sketch of the proposed magnonic half-adder is presented in Fig. 3c. 
Directional coupler 1 in the magnonic half-adder acts as a power 
splitter for each of the two inputs and, at the same time, replaces 
the 3D bridge required for sending the signals from input A to the 
AND gate and from input B to the XOR gate (compare Fig. 3a). The 
spin-wave flow paths in the magnonic half-adder are shown by the 
black and red arrows in Fig. 3c: spin waves from both inputs are 
split into two identical spin waves of half intensity by directional 
coupler 1. One pair of waves is directed to directional coupler 2 
via waveguide 1 and the other pair is guided into the idle output ‘I’ 
via waveguide 3. In the present simulation, output ‘I’ just features 
a high damping region at the end (shown in the figure by a dashed 
rectangle) and it does not contribute to the half-adding function. 
However, it acts as an XOR logic gate and, with the use of another 
directional coupler, can perform the same half-adder operation 
(Extended Data Fig. 4 and Supplementary Note 4). Thus, the modi-
fied half-adder can be considered as a combination of a half-adder 
with a fan-out logic gate, which doubles each output of the device. 
Directional coupler 2 performs the actual half-adder logic operation 
and its operational principle is described in the next section.

Modelling of the nonlinear functionality
The nonlinear functionality of the directional coupler shown above 
qualitatively takes place for any spin-wave directional coupler. 
Nevertheless, as shown below, realization of the logic operation 
requires a full switch of the spin-wave path by the change in the 
spin-wave intensity exactly four times. To achieve this value, modi-
fications of the directional coupler, discussed below, are required.

Directional coupler 2 consists of a coupled straight parallel  
waveguide with 3-μm coupled length as shown in Fig. 4a. The split 

Input A
(phase: 0)

Input B
(phase: π/2)

Output S

Output C

Inputs Outputs

A B S C

0 0 0 0

1 0 1 0

0 1 1 0

1 1 0 1

Splitter 1

Splitter 2

XOR

AND

S

C

A

B

Half-adder truth table
ba

c

w

Directional
coupler 2

x

y
z

d1

d2

L1

L2

Waveguide 3

φ

Waveguide 1

Waveguide 2

Constructive
interference

Destructive
interference

Directional
coupler 1

Output I

δ1

δ2

Fig. 3 | The operational principle of the magnonic half-adder. a, Sketch of the half-adder in electronics format. Building blocks are highlighted by different 
colours. b, Half-adder truth table. c, Schematic view of the magnonic half-adder. In this work we consider the following parameters: YIG waveguide width, 
w = 100 nm; thickness, h = 30 nm; edge-to-edge distances between waveguides, d1 = 450 nm, d2 = 210 nm; angle between waveguides, φ = 20°; gaps 
between coupled waveguides, δ1 = 50 nm, δ2 = 10 nm; lengths of coupled waveguides, L1 = 370 nm and L2 = 3 μm. Red and black arrows show the flow path 
of magnons from the inputs to the logic gates.

Nature Electronics | www.nature.com/natureelectronics

http://www.nature.com/natureelectronics


ArticlesNature Electronics

dispersion relations in the linear regime in the coupled waveguides 
are shown in Fig. 4b as blue lines. To obtain the linear dispersion, 
small spin-wave amplitudes are excited by a microwave field of 
hrf = 2 mT. The output power in the first waveguide normalized by 
the total power P1out/(P1out + P2out) can be expressed using the char-
acteristic coupling length LC2: P1out

P1outþP2out
¼ cos2 πL2= 2LC2ð Þð Þ

I
, where 

L2 = 3 µm is the length of the coupled waveguide in directional 
coupler 2. Figure 4c shows the normalized output power in the 
first waveguide as a function of spin-wave frequency f, in the fre-
quency range from 2.28 GHz to 2.65 GHz. The result of numerical 
simulations in the linear regime is shown with blue symbols and 
the analytic calculation with solid blue lines. One can clearly see 
that the output power P1out strongly depends on the spin-wave fre-
quency, as shown experimentally in Fig. 2. This is due to the strong 
dependence of the coupling length LC2 on the spin-wave wavenum-
ber19,35,45. The coupling length consequently defines the energy dis-
tribution between the output waveguides for a given length of the 
coupled waveguides. The small mismatch between simulations and 
theory in the region below 2.3 GHz is mainly caused by the damp-
ing, which is not taken into account in the theory, and by the large 
sensitivity of the coupling coefficient to the dispersion of the anti-
symmetric mode, which is practically flat in this region.

When the input spin-wave power increases, spin-wave disper-
sion shifts down (red lines in Fig. 4b). Thus, for a fixed spin-wave 
frequency of 2.282 GHz, the wavenumber difference Δkx = π/LC2 

changes from Δkx
lin to Δkx

nonlin with an increase in the excitation 
field from b0 = 2 mT to 4 mT. Consequently, the coupling length 
LC2 of the directional coupler also changes. Using the Taylor expan-
sion of the frequency dependence of the coupling length, the power 
dependence of the output of directional coupler 2 can be found:

P1out
P1out þ P2out

¼ cos2
πL2
2LlinC2

� L2
LlinC2

π
2LlinC2

∂LC2
∂f

Tk akj j2
� �

ð1Þ

The power-independent term is proportional to the ratio of 
the directional coupler length to the coupling length in the lin-
ear regime L2/LC2

lin. The output power P1out periodically changes 
with a change in the coupling length and is maximal for the cases 
L2/LC2

lin = 0, 2, 4, … (Fig. 4c). Simultaneously, as seen from equation 
(1), the sensitivity to the nonlinear effect increases with an increase 
in the ratio L2/LC2

lin. Therefore, the longer the directional coupler 
is and the more coupling lengths it spans, the higher the nonlinear 
phase accumulation. This is the reason why directional coupler 2 
in our half-adder design is long and features a strong coupling pro-
vided by the small gap between the waveguides of only 10 nm. It 
has a length of L2 = 14LC2

lin and is very sensitive to the increase in 
the spin-wave amplitude passing through it. As a result, a complete 
energy transfer from output 1 to output 2 is observed in the micro-
magnetic simulations if the spin-wave intensity is increased by a 
factor of four (L2 = 13LC2

nonlin; black line in Fig. 4d). The normalized  
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Fig. 4 | Modelling and characteristics of directional coupler 2. a, Schematic of directional coupler 2. b, Analytically calculated dispersion curves for the 
coupled waveguides for small (blue lines) and large (red lines) excitation fields hrf. The change in coupling length LC2 is clearly visible, and is associated with 
the increase in spin-wave amplitude. c, Normalized output power in the first waveguide P1out/(P1out + P2out) as a function of frequency for different excitation 
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Simulated normalized output power P1out as a function of excitation field b0 for a fixed frequency of f = 2.282 GHz for directional couplers 1 and 2.
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output spin-wave power in the first waveguide decreases from 
97.3% at b0 = 2 mT to 2.0% at b0 = 4 mT. Owing to this nonlinear 
switching effect, directional coupler 2 performs a combined AND 
and XOR logic function, as will be described in the following. At the 
same time, the first directional coupler 1 in the half-adder design 
should remain in the linear regime and its coupling length should 
be independent of the spin-wave power. This is achieved by its 
smaller length of 370 nm as well as via an increased spacing between 
the waveguides of 50 nm. As a result, directional coupler 1 spans 
only half of the coupling length L1 = 0.5LC1

lin, independent of the 
excitation field (green symbols in Fig. 4d). The directional coupler 
studied experimentally above was designed for linear functionality. 
Nevertheless, the increase of the spin-wave power from 0 dBm to 
10 dBm, which is a more than four times increase of the spin-wave 
intensity required by the half-adder design, also results in the non-
linear switch (Fig. 2).

Operational principle of the magnonic half-adder
The operational principle of the half-adder is shown in Fig. 5. Binary 
data are coded into the spin-wave amplitude; namely, in the ideal case, 
a spin wave of a given amplitude (for example, Mz/Ms = 0.057, where 

Mz is the out-of-plane (z) component of dynamic magnetization)  
corresponds to logic state ‘1’, while zero spin-wave amplitude cor-
responds to ‘0’. In the following, we normalize output spin-wave 
intensity to the input spin-wave intensity. In the more realistic cases 
considered below, we utilize an approach from CMOS: a normalized 
spin-wave intensity below 1/3 is considered to be logic ‘0’ and above 
2/3, logic ‘1’.

The operational principle of the half-adder is as follows. Let us 
first consider the case of logic inputs A = 1 and B = 0 (Fig. 5a). In 
this case, the spin wave injected into input A is split into two equal 
parts by directional coupler 1. One part is directly guided to direc-
tional coupler 2 by the upper conduit. The spin-wave intensity is 
chosen in such a way that directional coupler 2 remains in the lin-
ear regime (LC2

lin ≈ 214 nm ≈ 14/L2) and, after initial oscillations, the 
spin wave is guided into output S, as shown in Fig. 5a. Only about 
1.9% of the spin-wave energy goes into output C. This corresponds 
to logic outputs S = 1 and C = 0. If a spin wave is injected in input 
B only, this corresponds to logic inputs A = 0 and B = 1 (Fig. 5b). 
The situation in this case is quite similar to the previous one. The 
situation is different for input logics states A = 1 and B = 1 (Fig. 5c).  
It is assumed that the phase of the spin wave injected into input  
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B is permanently shifted by π/2 with respect to the one in input A (to 
compensate the −π/2 phase shift caused by directional coupler 1),  
which can be easily realized by many means46. In this case, construc-
tive interference of the two spin waves will take place in waveguide 1  
and destructive interference in waveguide 3. As a result of this 
coherent superposition, the entire spin-wave energy from both 
inputs goes to directional coupler 2, resulting in four times larger 
spin-wave intensity with respect to the single-input cases when only 
50% of the spin-wave energy is guided to this coupler. As discussed 
above, this increase in spin-wave intensity by a factor of four switches 
the coupler to the nonlinear regime (LC2

nonlin ≈ 230 nm ≈ 13/L2) and 
the spin wave is guided to output C. This corresponds to logic out-
puts S = 0 and C = 1 (Fig. 5c) and, thus, the whole truth table of the 
half-adder is realized.

Note that the all-magnon circuit concept8,34 requires that the sig-
nal from the output of a magnonics gate be directly guided into the 
input of the next one. To satisfy this condition, the spin-wave inten-
sity at outputs S still has to be amplified by a factor of approximately 
four due to the energy splitting in directional coupler 1 and also 
parasitic reflections and spin-wave damping in the waveguides. The 
output signals S shown in Fig. 5 are artificially multiplied by four. 
The most promising realization of such an amplifier is based on 
the utilization of voltage-controlled magnetic anisotropy (VCMA) 
parametric pumping43,47,48 (Extended Data Fig. 5 and Supplementary 
Note 5). By contrast, no amplifier is required for the ‘carry’ out-
put of the half-adder. In general, the idea presented here and the 
concept of the half-adder are applicable to any magnetic material. 
Nevertheless, the requirement that the device length Lde be smaller 
than the spin-wave decay length should be satisfied. This is the case 
not only for YIG, but also for low-damping Heusler compounds49.

Benchmarking of the proposed technology
A summary of the key parameters of two versions of the proposed 
half-adder is provided in Table 1 (Methods): the first one is the device 
that was simulated and discussed above. The second device is an esti-
mation performed for a device with w = 30 nm, h = 10 nm and mini-
mal gap δ = 10 nm. It has to be mentioned that the second device does 
not constitute a fundamental limit but is merely an estimation based 
on the current state of the art of fabrication technology15,37. A further 
improvement in all characteristics is potentially achievable.

According to Table 1, the area of the simulated 100-nm-feature-size 
half-adder is 5.58 μm2 (the spaces between neighbouring logic gates 
are included) and is thus only a few times larger than a correspond-
ing 7-nm-feature-size CMOS device. In contrast to a CMOS realiza-
tion, the magnonic half-adder core part (without amplifier) consists 
of only three nanowires made of the material and of only one pla-
nar layer. This drastically simplifies its fabrication and decreases 
its potential costs. The area can be readily decreased to 1.016 µm2 
for the second 30-nm-based device, which is comparable to the 
7-nm-based CMOS device. In addition, it should be noted that the 
largest part of the half-adder is provided by directional coupler 2;  
this could be further decreased by utilizing exchange-coupling 
mechanisms between the waveguides instead of dipolar coupling. 
To achieve this, the air gap between the coupled waveguides should 
be filled with another magnetic material.

Operational frequency is an important requirement. In the pre-
sented half-adder, the delay time is defined by the whole length 
of the device with respect to the spin-wave group velocity. In our 
design, the spin-wave propagation time from input to output is 
~150 ns. According to Table 1, the calculation time can be reduced 
to 18 ns in the second device. This value is larger than the 60-ps 
delay time obtained for 7-nm CMOS and suggests that magnon 
logic would be more suitable for slow but low-energy applications. 
At the same time, one has to note that CMOS does not operate at its 
maximal speed because of the drastically increasing Joule heating 
(a typical clock rate is 3 GHz, which corresponds to ~0.3-ns delay).

In computing systems, small energy consumption is prob-
ably the most crucial requirement, given the constantly increasing 
amount of information that has to be processed. In our simula-
tions, we recorded the total energy of the device as a function of 
simulation time. The energy injected into the device per nanosec-
ond is equal to 4.1 × 10-20 J ns−1 for the input combinations A = 1 
and B = 1. Note that only the energy propagating along the posi-
tive direction is taken into account. For the 300-ns pulse duration 
the energy consumption is thus 12.3 aJ. For all operations, the total 
energy consumption is 24.6 aJ. This is similar to current CMOS 
values (35.3 aJ), calculated using Cadence Genus (Methods). It 
should be highlighted that the energy consumption of the minia-
turized 30-nm-based device is more than one order of magnitude 
smaller (~1.96 aJ). At the same time, we have to underline that this 
energy consumption is related to the energy within the magnonic 
domain only and the energy consumption of the amplifier should 
be added (Table 1 and Supplementary Note 5). The most promising 
approach is VCMA parametric pumping, which has been reported 
recently43,47,48 and allows for an energy consumption of an amplifier 
of ~3 aJ per device.

Conclusions
We have fabricated a submicrometre spin-wave directional coupler 
operating in a single-mode regime and studied its functionality in the 
linear and nonlinear regime using µBLS spectroscopy. Our experi-
mental results are supported by numerical simulations and analyti-
cal theory. By varying the applied microwave frequency or an applied 
magnetic field, spin waves can be guided to different coupler outputs, 
demonstrating the reconfigurability of the device. Our spin-wave 
directional coupler could therefore be used as a microwave filter for 
processing analogue and digital information, a power splitter for 
fan-out logic gates, a frequency divider or signal multiplexer, and a 
planar interconnecting element for magnonic conduits. Furthermore, 
the output of the directional coupler can be switched by changing the 
spin-wave amplitude, demonstrating nonlinear functionality.

We have also proposed and tested numerically an integrated mag-
nonic circuit—a half-adder—based on the fabricated directional 

Table 1 | Magnonic half-adder benchmarking

Parameters YIGa 
(100 nm)

YIGb (30 nm) CMOSc  
(7 nm)

Area (μm2) 5.58 1.016 1.024

Delay time (ns) 150 18 6 × 10−2

Total energy 
consumption without 
amplification (aJ)

24.6 1.96 35.3

Spin-wave frequency 
(GHz)

2.282 2.39 –

Spin-wave wavelength 
(nm)

340 510 –

Spin-wave group velocity 
(m s−1)

25 137 –

Type of amplifier Energy consumption

Electric current-based  
parametric pumping39,41

105 (aJ per operation)

Voltage-controlled  
magnetic anisotropy  
parametric pumping43,47

3 (aJ per operation)

aThe values in this column are extracted from the micromagnetic simulation of the half-adder 
investigated in this Article. bThe values are estimated characteristics of a device miniaturized down 
to 30 nm using equations (8) to (10) (Methods). cThe values are calculated using Cadence Genus 
by Sorin D. Cotofana for 7-nm CMOS technology.
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coupler. This half-adder consists of two directional couplers: one 
that functions as a linear power splitter and one that functions as a 
nonlinear switch (as demonstrated experimentally). The proposed 
device is all-magnonic—the magnons are controlled by magnons 
without any conversion to the electric domain—ensuring low 
energy consumption. The proposed magnonic half-adder consists 
only of three planar magnetic nanowires with one amplifier and can 
potentially substitute 14 transistors in electronics circuits. A mag-
nonic half-adder developed with 30-nm technology is predicted 
to have a footprint comparable to a 7-nm CMOS half-adder, with 
around 10 times smaller energy consumption.

Methods
Liquid-phase epitaxial film growth and sample fabrication. An 85-nm-thick 
YIG film was grown on a 1-inch (111) 500-μm-thick gadolinium gallium garnet 
(GGG) substrate by liquid-phase epitaxy from PbO-B2O3-based high-temperature 
solutions at 860 °C using the isothermal dipping method (for example, ref. 50). 
Nominally pure Y3Fe5O12 films with smooth surfaces were obtained on horizontally 
rotated substrates applying rotation rates of 100 r.p.m. (refs. 6,7). The saturation 
magnetization of the YIG film is 1.42 × 105 A m−1 and its Gilbert damping 
α = 2.1 × 10−4, as extracted by ferromagnetic resonance spectroscopy51.

The directional coupler was fabricated using electron-beam lithography, 
Ar+ ion-beam etching and electron-beam evaporation. First a double layer of 
polymethyl methacrylate was spin-coated on the YIG film and the directional 
coupler structures were created afterwards by electron-beam lithography. To obtain 
well-shaped waveguides, titanium and chromium were deposited by electron-beam 
evaporation as a bilayer hard mask, defining the shape of the directional coupler 
structures. These were then etched out of the film by Ar+ ion-beam etching. 
Finally, the U-shaped antenna was defined by electron-beam lithography and a 
liftoff process. This consisted of ~230-nm-thick gold and 20-nm-thick titanium 
(for adhesion).

BLS spectroscopy and spin-wave excitation. µBLS spectroscopy is a technique for 
the measurements of spin-wave intensities with frequency, space, phase and time 
resolution36. It is based on inelastic light scattering of the incident laser beam by 
magnons. In our measurements, a laser beam of 491-nm wavelength and power 
of 1.8 mW was focused on the directional coupler with an effective spot diameter 
of 400 nm using a ×100 microscope objective with a large numerical aperture 
(NA = 0.75). The scattered light was collected and guided into a tandem Fabry–
Pérot interferometer (TFP-1, JRS Scientific Instruments) for further analysis. To 
perform 2D scans, the sample was moved with respect to the laser spot in steps of a 
few hundred nanometres in each direction using a piezoelectric stage. Stabilization 
marks were grown on the sample to maintain the same relative position of the laser 
spot during the long measuring cycles.

An external magnetic field, Bext = 56 mT, was applied along the YIG conduits (x 
axis) to saturate the directional coupler in a backward volume geometry34, and a RF 
current with power Pmw = 0 dBm (in the linear regime) was applied to the antenna 
to excite spin waves. Spin-wave frequencies ranging from 3.4 GHz to 3.63 GHz were 
excited well by the U-shaped antenna in the isolated waveguide (Extended Data 
Fig. 2 and Supplementary Note 2). Only the first width mode was excited in this 
frequency range, as shown in the dispersion curve in Fig. 1b.

Calculation of the nonlinear frequency shift coefficient. The nonlinear shift 
coefficient Tk in the isolated waveguide can be calculated using the framework of 
ref. 9 and by assuming a uniform mode profile across the waveguide thickness and 
width. Accounting for the negligible static demagnetization of a waveguide along 
its length, Fxx

0 ¼ 0
I

, the nonlinear shift coefficient becomes equal to40

Tk ¼ ωH � Akð Þ þ B2
k

2ω2
0

ωM 4λ2k2x þ Fxx
2k 0ð Þ

� �
þ 3ωH

� �� �
=2π ð2Þ

where

Ak ¼ ωH þ ωM

2
2λ2k2x þ Fyy

k 0ð Þ þ Fzz
k 0ð Þ

� �
ð3Þ

Bk ¼
ωM

2
Fyy
k 0ð Þ � Fzz

k 0ð Þ
� �

ð4Þ

The relation between the dynamic magnetization component and the canonical 
spin-wave amplitude ak is given by

Mz ¼ Msak

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� akj j2

q
uk � vkð Þ ð5Þ

with

uk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ak þ ω0

2ω0

r
and vk ¼ �sign Bk½ 

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ak � ω0

2ω0

r
ð6Þ

Calculation of the directional coupler characteristics. The theory of the 
directional coupler is described in our previous paper19. However, in ref. 19 we 
accounted only for the straight part of the coupler where the distance between 
waveguides is minimal and constant. For the device reported in this Article, this 
approach is not sufficient, because the gap between the coupled waveguides is 
quite large (320 nm). In such a case, the region of the bent waveguides could 
also notably contribute to the coupling characteristics, because the gap in this 
region is not much larger than the minimal gap over a considerable distance. To 
take this bent region into account, we calculated the splitting of the symmetric 
and antisymmetric spin-wave modes as a function of the gap, Δk = Δk(d). The 
coordinate dependence of the spin-wave power in the waveguides is then given by

P1ðxÞ ¼ cos2 1
2

R x
0Δk d x0ð Þð Þdx0

 

P2ðxÞ ¼ sin2 1
2

R x
0Δk d x0ð Þð Þdx0

  ð7Þ

Furthermore, an additional coupling, which is especially pronounced 
for large spin-wave wavelengths, must be taken into account due to the large 
wavelength studied in this work: the part of the first waveguide located before 
the second one starts also contributes to the coupling ‘diagonally’. Indeed, the 
dynamic magnetization of a large spin-wave wavelength varies slowly and, thus, 
the mentioned part of the first waveguide creates a non-negligible dipolar field 
at the beginning of the second one. By contrast, for short-wavelength spin waves, 
these additional contributions vanish, because contributions from neighbouring 
half-wavelength parts almost cancel each other. In this work, we account for it 
through the introduction of an ‘additional effective length’ of the coupler, which, 
by itself, depends on the spin-wave wavelength. Because the strength of the dipolar 
fields decays with the distance approximately proportional to x−3, the effective 
length is expected to depend on spin-wave wavenumber as Leff ¼ C1= kþ C2ð Þ2

I
. 

Here, the second power in the spin-wave wavenumber comes from the integration R 1=k
0 x þ d0ð Þ�3dx
I

, and the constant C2 reflects the fact that the effective length 
cannot increase infinitely for an infinitely large spin-wave wavelength. By 
fitting the experimental data, we found C1 = 25 μm−1 and C2 = 2 μm−1. Using 
this expression for the effective additional length, both frequency and field 
dependencies of the power transmission rates are described well (Figs. 1d and 2b).

The variation of the power transmission rate in the coupler with increasing 
spin-wave power is mainly attributed to the nonlinear frequency shift of the 
symmetric and antisymmetric spin-wave modes in coupled waveguides, as shown 
in Fig. 3b. The shift of the dispersion results in a change of spin-wave wavenumbers 
at a given frequency and, consequently, in a change of the coupling between the 
waveguides. Knowing the frequency dependence of the power transmission rates 
PðlinÞ
1;2 ωð Þ
I

 in the linear regime, the nonlinear characteristics can be calculated simply 
as PðnlÞ

1;2 ω; að Þ ¼ PðlinÞ
1;2 ω� Tk aj j2

� �

I
, where a is the canonical spin-wave amplitude 

and Tk is the nonlinear frequency shift (Tk=2π ¼ �1:8 GHz
I

 in our case). Given 
that the experimental data measured for 0-dBm excitation power also correspond 
to a weakly nonlinear regime, for the description of power dependence we use the 
relation PðnlÞ

1;2 ω; að Þ ¼ Pð0Þ
1;2 ω� Tk aj j2� a0j j2

� �� �

I
, where Pð0Þ

1;2

I
 is the dependence 

for 0 dBm (measured and fitted by the calculations shown above) and a0 is the 
spin-wave amplitude at 0-dBm excitation power. The relation of the spin-wave 
amplitude with the excitation power was obtained by measuring the BLS intensity 
in the first waveguide before the coupler and fitting one adjusting parameter (the 
ratio of BLS counts to the square of the spin-wave amplitude). We get the following 
relation a ¼ 0:035

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ p=17:4

p

I
, where p is the excitation power in dBm. The 

appearance of an almost linear dependence of the spin wave power on p, instead of 
an exponential one, which could be expected, is mediated by the strong variation 
of the spin-wave group velocity with spin-wave wavenumber and, consequently, 
with the excitation power at a given frequency. The described simple model fits the 
experimental data well for the applied powers below 10 dBm (Fig. 3a). For higher 
powers, higher-order nonlinear effects should be taken into account as well52.

Micromagnetic simulations. Dispersion curve presented in Fig.1b. The 
micromagnetic simulations were performed by the GPU-accelerated simulation 
program Mumax3 to calculate the space- and time-dependent magnetization 
dynamics in the investigated structures using a finite-difference discretization53. 
The following material parameters were used: saturation magnetization 
Ms = 1.33 × 105 A m−1 (94% comparing to the value of the plain film6,7 due to the 
Ar+ ion-beam etching) and Gilbert damping α = 2 × 10−4. A standard exchange 
constant for YIG of A = 3.5 pJ m−1 was assumed. There were three steps involved in 
calculation of the spin-wave dispersion curve54: (1) the external field was applied 
along the waveguide and the magnetization was relaxed to a stationary state 
(ground state); (2) a sinc field pulse by = b0sinc(2πfct), with an oscillation field of 
b0 = 1 mT and a cutoff frequency of fc = 10 GHz, was used to excite a wide range of 
spin waves; (3) the spin-wave dispersion relations were obtained by performing 2D 
fast Fourier transformation (FFT) of the time- and space-dependent data.

Magnonic half-adder. The simulated structure of the magnonic half-adder is 
shown in Fig. 1c. The parameters of the nanometre-thick YIG were obtained from 
experiments and are as follows6,7: saturation magnetization Ms = 1.4 × 105 A m−1, 
exchange constant A = 3.5 pJ m−1 and Gilbert damping α = 2 × 10−4. The damping 
at the ends of the simulated structure and the high damping absorber was set to 
exponentially increase to 0.5 to prevent spin-wave reflection55. The high damping 
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region could be realized in the experiment by putting another magnetic material 
or metal on top of the YIG to enhance the damping or it can just correspond to 
waves guided into further parts of the magnonic network. No external bias field 
was applied. The static magnetization oriented itself parallel to the waveguides 
spontaneously due to the strong shape anisotropy in the nanoscale waveguides. 
The mesh was set to 10 × 10 × 30 nm3. To excite propagating spin waves, a 
sinusoidal magnetic field b = b0sin(2πft) was applied over an area of 100 nm 
in length, with a varying oscillation amplitude b0 and microwave frequency f. 
Mz(x,y,t) of each cell was collected over a period of 300 ns, which is long enough 
to reach the steady state. The fluctuations mz(x,y,t) were calculated for all cells 
via mz(x,y,t) = Mz(x,y,t) − Mz(x,y,0), where Mz(x,y,0) corresponds to the ground 
state. The spin-wave spectra of the output signals were calculated by performing 
a fast Fourier transformation from 250 ns to 300 ns, which corresponds to the 
steady state. We mention that all these simulations were performed for defect-free 
waveguides and without taking temperature into account. The influences of edge 
roughness, trapezoidal cross-sections of the waveguides and temperature can be 
ignored due to their smallness, as has been shown in our previous studies15,19.

Energy consumption. For the estimation of energy consumption in the magnonic 
system (neglecting transducers), the minimal energy consumption can be 
expressed as (Supplementary Note 6)

E ¼ 20π
3

Ms

γ

vgrfS

Tk
ð8Þ

where vgr ¼ 2π ∂f
∂k

I
 is the spin-wave group velocity and S is the cross-section of 

the waveguide. As one can see, the energy consumption is independent of the 
characteristics of spin-wave couplers and spin-wave amplitude. Note that the 
nonlinear frequency shift Tk is of the order of the spin-wave frequency f (Tk ∝ f), 
especially in the exchange-dominated region. The conclusion is reached that 
the feasible way to reduce energy consumption is to decrease the waveguide 
cross-section S. Another alternative is to search for specific points or mechanisms 
with anomalously high nonlinearity. It should be noted that the relation of  
equation (8) is universal and occurs in other realizations of magnonic half-adders 
that are based on the nonlinear shift. For the other designs, the only change is  
the pre-factor 20π/3.

Scalability and delay time. The width of the device can be estimated by

wde ¼ 2wþ 4 ´ 5h ð9Þ

where w is the width of the waveguide and h is the thickness of the waveguide. 
This equation accounts for the minimal distance between all waveguides and 
neighbouring devices of 5h to make the dipolar interaction relatively weak. The 
gaps between different logic gates are taken into account in this width.

The length of the device is given by

Lde ¼ N þ 0:5ð ÞLC þ 4
5h
sinφ

ð10Þ

where φ is the angle of the bent waveguide, LC is the coupling length and N = L2/LC 
is the ratio between the coupled length of directional coupler 2 and the coupling 
length. The minimal N can be estimated from the condition that directional 
coupler 1, working at half the coupling length, does not substantially change its 
characteristics at power that is sufficient to switch directional coupler 2. Simple 
calculations yield that the change of directional coupler 1 transmission is given by 
cos2 π N � 1ð Þ= 4Nð Þð Þ
I

, while in the linear regime the transmission rate is equal to 
1/2. This gives the restriction Nmin = 6. The area of the magnonic half-adder is equal 
to wdeLde. The processing delay is τd = Lde/vgr.

Calculation of the energy consumption of the 7-nm CMOS half-adder. We 
considered a 7-nm half-adder standard cell afferent to the typical processor corner 
(room temperature, 0.7-V power supply) and evaluated its power consumption 
using Cadence Genus. To this end, we set an inverter standard cell as driver and a 
capacitance of 2.5 fF as the output load, and assumed for the nets a 50% probability 
of logic ‘1’ and a toggle rate of 0.02 per ns. The simulation results indicate a total 
power consumption of 587.994 nW, of which the dynamic component (divided into 
nets’ power and internal power, which account for 87.7% and 13.3% of the dynamic 
power, respectively) dominates the less than 1-nW leakage component.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.
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Extended Data Fig. 1 | Effect of far-field excitation by the U-shaped antenna. SEM images of the a normal and b displaced waveguides. The red and 
blue dots show the μBLS measurement points. c, The spin-wave intensities for normal (red dot line), displaced waveguides (blue dot line) and thermal 
background (black dot line). The grey area shows the working frequency range in the paper.
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Extended Data Fig. 2 | Spin-wave spectra in the isolated waveguide. a, The in-plane (black line) and out-of-plane (red line) field distribution created 
by the U-shape antenna. The schematic cross section of a U-shaped antenna is shown inset. b, The excitation efficiency as a function of spin-wave 
wavenumber. c, Spin-wave frequency as a function of spin-wave wavenumber. d, Spin-wave intensities are measured 4 μm far from the antenna for 
different excitation powers. The black line shows the analytical calculation of the spin-wave intensity. A SEM image of the isolated waveguide is shown on 
the top of Fig. 2d.
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Extended Data Fig. 3 | Reconfigurability of the directional coupler by an applied magnetic field. a, The averaged spin-wave intensity for a frequency of 
3.465 GHz as function of the external field for the first (blue circles) and the second (red squares) output waveguide of the directional coupler.  
b, Measured (circles and squares) and theoretically calculated (solid lines) normalized output spin-wave intensities at the first (blue) and second  
(red) output waveguide for different external fields. c–e, Two-dimensional BLS maps of the spin-wave intensity for the different external magnetic fields:  
c, B1 = 56 mT, d. B2 = 53.2 mT, and e. B3 = 51.3 mT. The right panels show the BLS intensity integrated over the red dashed rectangular regions.

Nature Electronics | www.nature.com/natureelectronics

http://www.nature.com/natureelectronics


Articles Nature ElectronicsArticles Nature Electronics

Extended Data Fig. 4 | Modified half-adder with fan-out gate. a-c, Operational principle and d truth table of two half-adders with shared inputs 
(corresponds to the half-adder with added fan-out logic gate).
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Extended Data Fig. 5 | Parametric amplification. a, A schematic picture of the parametric amplifier. b, Output spin-wave intensity as a function of 
pumping current for different conditions.
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