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Spin Hall nano-oscillators (SHNOs) utilize pure spin currents to drive local regions of mag-
netic films and nanostructures into auto-oscillating precession. If such regions are placed
in close proximity to each other they can interact and may mutually synchronise.Here we
demonstrate robust mutual synchronisation of two-dimensional SHNO arrays ranging from
2 x 2 to 8 x 8 nano-constrictions, observed both electrically and using micro-Brillouin Light
Scattering microscopy. On short time-scales, where the auto—oscillation linewidth is gov-
erned by white noise, the signal quality factor, ) = f/Af, increases linearly with number
of mutually synchronised nano-constrictions (), reaching 170,000 in the largest arrays. We
also show that SHNO arrays exposed to two independently tuned microwave frequencies ex-
hibit the same synchronisation maps as can be used for neuromorphic vowel recognition.

Our demonstrations may hence enable the use of SHNO arrays in two-dimensional oscil-
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lator networks for high-quality microwave signal generation and ultra-fast neuromorphic

computing.

Interest in bio-inspired oscillatory computing'™ is rapidly increasing in an effort to miti-
gate the inevitable end of Moore’s law* Although neuronal activities may seem slow, our brain
is the most energy efficient processing device for cognitive tasks thanks to its massively inter-
connected oscillatory neurons®. While recent memristive®”, superconducting®?, optical'®, and

micromechanical'23

oscillator arrays have been demonstrated, realizing a large physical oscil-
latory network that meets technical requirements such as room temperature operation, scaling,

integration, high speed, and low power consumption remains a challenge.

Spin transfer torque nano-oscillators (STNOs) are one of the most promising candidates ad-
dressing these requirements.**1® Free running STNOs can interact electrically and/or magnetically
and mutually synchronise to deliver higher power and more coherent microwave signals with qual-
ity factors as high as Q = 18,000 2. A recent study demonstrated vowel recognition using reser-
voir computing on four electrically synchronised STNOs'® achieving a performance comparable
to state-of-the-art CMOS. However, to process more complicated tasks, large arrays of mutually

synchronised oscillators are needed.

Spin Hall nano-osillators™®2Y (SHNOs) have recently emerged as an attractive alternative
as they can be fabricated more easily and directly onto silicon substrates*'. As with STNOs,
this makes them compatible with both back and front end of lines in CMOS technology. Their

magnetisation dynamics is driven by pure spin currents generated by charge currents in a heavy
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metal layer with a strong spin Hall effect.?">* The spin current can exert negative damping on an
adjacent ferromagnetic layer and eventually overcome the intrinsic damping, resulting in a steady

precession of the magnetisation around the effective magnetic field

Nano-constriction SHNOs can be fabricated in chains where they can show mutual syn-
chronisation of up to nine individual constrictions.*> Here we demonstrate that nano-constriction
SHNOs can also be mutually synchronised in two-dimensional arrays comprised of as many as
64 SHNOs. Each oscillator (neuron) within the 2D array interacts with its nearest neighbors via
both exchange and dipolar coupling, which can be tuned by both the drive current and the strength
and direction of the magnetic field. As expected from theory?®, the signal quality factor of the
mutually synchronised state increases linearly with the number of synchronised SHNOs, reaching
@ = 170,000 for 64 SHNOs. We also demonstrate that these arrays lend themselves as-is to neuro-
morphic computing of the type recently employed for vowel recognition.'¥ Adding two microwave
currents with different frequencies to the drive current of a 4x4 SHNO array, we demonstrate the
emergence of 20 different injection locked states depending on the input combination of the two

frequencies.

Schematic of SHNO array and device layout

Fig[l] shows the schematic of an SHNO array with the oscillators illustrated by green arrows pre-
cessing around the effective magnetic field (H). The out-of-plane () and in-plane (¢) angles of

H are indicated in the coordinate system while the charge current direction is shown by a blue
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arrow. The Pt, Hf, and NiFe layers are shown with their thicknesses in nm and highlighted by
blue, red and gray colors, respectively. The ultra-thin Hf layer reduces the spin memory loss at the
Pt/NiFe interface??, which decreases the damping and hence the threshold current. The lower left

inset shows the microwave co-planar waveguide (CPW) used for electrical measurements with the

location of the SHNO array indicated by a black rectangle (see [Methods| for [Sample fabrication|

details).
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Figure 1: Schematic representation of a 4x4 SHNO array. The schematic shows the direction
of the applied magnetic field (/1), its in-plane component (/p), and the charge current. The green
arrows indicate the precessing magnetisation of each nano-constriction. The Pt, Hf, and NiFe
layers are highlighted by gray, red, and blue colors with corresponding thicknesses in nm. The
inset shows an optical microscopy image of the ground-signal-ground co-planar wave guide used

for electrical measurements.
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Figure 2: Power spectral density and micro-Brillouin Light Scattering microscopy of spin
Hall nano-oscillator arrays. All data was acquired in a magnetic field of 0.68 T with an out-of-
plane angle of 76° and an in-plane angle of 30°. All PSD scale bars are shown in dB over noise
floor(a) SEM image of a 2x2 SHNO array showing the definition of the width (w) and the pitch
(p). The direction of the charge current is shown by a solid black while the in-plane angle of
applied magnetic field (H;p) is presented by a white solid arrow. (b to e) PSD of four different
2x2 SHNO arrays with different constriction widths (50, 80, and 120 nm) and SHNOs center to
center distance as pitch size (100, 140, 200, 300 nm). White dashed lines indicate the current at
which the SHNO within the arrays come to a synchronised state (f) SEM picture of a 4x4 SHNO
array. (g to j) PSD of four different 4x4 arrays having the same width and pitch as the 2x2 arrays in
b to e. Mutual synchronisation is only observed in the first three SHNO arrays. (k) and (m) SEM
pictures of a 6x6 and an 8x8 SHNO array. (I) and (n) PSD of the 6x6 and the 8x8 SHNO arrays
with the smallest w and p, both showing robust mutual synchronisation. (0) PSD of the same 4x4
array as in j with the out-of-plane field angle increased from 76° to 82° to increase the coupling
between SHNOs. The inset shows the SEM image of the defined array. (p) Micro-Brillouin Light
Scattering microscopy image of the 4x4 array in o obtained at an operating point of / = 7.6 mA
(white dashed line) showing that the entire array contributes to the spin wave excitations in the

synchronised state; BLS counts are shown on a logarithmic scale.
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Mutual synchronisation of SHNO arrays

We fabricated 24 different square SHNO arrays with number of nano-constrictions varied from
2x2 to 10x10 and w and p chosen as (w, p) = (50, 100), (80, 140), (120,200), and (120, 300),
where w defines the constriction width, and p stands for pitch (i.e. nano-constriction center to
center distance; all numbers in nanometers). Fig[2a shows an SEM image of a 2x2 array with
the design parameters w and p defined. Fig[2f, Fig2k, and Fig[2m in the same column show the
corresponding SEM images for a 4 x4, 6x6, and 8 x8 array with (w,p)= (120, 200) (seeMethods).
The array has a slight tilt angle to better accommodate for the 30° in-plane angle of the applied

field, since the auto-oscillating regions extend outwards in a direction perpendicular to this angle.

Fig[2b-e show the power spectral density (PSD) for the four different 2x2 arrays as a func-
tion of total drive current through the array. All PSDs show the typical non-monotonic current
dependent frequency as the nano-constriction edge mode expands with current22% All four arrays

exhibit mutual synchronisation at a synchronisation current which increases linearly with w.

Fig[2lg-j show the corresponding PSD vs. current for the four different 4 x4 arrays. While the
overall non-monotonic current dependence of the frequency is approximately the same as in the
22 arrays, mutual synchronisation is now only achieved in the three first arrays. The 4 x4 arrays
with 300 nm separation instead show four distinct individual signals, all with approximately the
same linewidth and peak power, indicating partial mutual synchronisation. BLS scans along the
chains and rows of this state reveal that the chains synchronise before the rows (see Extended Data

Figure 1 for details). The coupling strength is hence stronger along the chains than in between
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chains. The behavior of the 5x5 array is essentially identical with the 4 x4 array: complete syn-
chronisation in the first two arrays, partial synchronisation at 200 nm and 300 nm separation (see

Supplementary Fig.1).

Fig[2]&n show the PSD of the 6x6 and 8x8 arrays at the smallest dimensions. At all larger
dimensions, neither the 6x6 nor the 8 x8 array showed complete mutual synchronisation (see
Supplementary Fig.1). Similarly, the 10x 10 arrays did not show complete mutual synchronisation

at any dimension.

The auto-oscillating regions can be expanded by increasing the out-of-plane field angle,*®
which should increase the coupling and allow us to synchronise larger arrays. FigPp shows a
4x4 array similar to the one in Fig[2j but measured at an increased field angle of 82°. The four
signals from the individually synchronised chains now merge into a single signal at about 7.3 mA,
confirming the important role of the out-of-plane field angle to control the coupling strength. At a
separation of 300 nm it then becomes meaningful to explore the spatial profile of the synchronised
state using micro—Brillouin Light Scattering microscopy (~300 nm resolution), as the separation
is large enough for variations within the array to be resolved. Fig[2p shows that the entire 4x4

array is energized with a relatively uniform spin wave intensi roughout the array (see [Methods
y gized with latively unif p tensity throughout th y (seeMethod

for Micro—BLS characterisation)).
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Figure 3: Linewidth, peak power and synchronisation current density analysis of SHNO ar-
rays. (a) Linewidth of arrays of different w and p plotted for those array which reach robust syn-
chronisation at operating currents indicated by white solid lines in Fig[2] Black dashed line shows
predicted linewidth scaling of Af oc N~!. (b) Peak power values measured for all synchronised
points shown in a. Black dashed line indicates the analytical calculation of peak power for arrays
with (w,p)= (50, 100) considering the phase difference. The error bars (horizontal double lines) in
(a) and (b) were obtained from Lorentzian fits to the experimental data. (c¢) synchronisation current

density for arrays with different (w,p).

Linewidth and peak power analysis

In Fig[3] we summarize the microwave signal properties of all arrays showing complete mutual
synchronisation. The linewidth plotted in Fig[3h was chosen as the lowest value observed at certain
operating currents (indicated by white solid lines in Fig[2)) in the mutually synchronised regions
for ten consecutive measurements for arrays of different size. We found this approach to yield
consistent values and a consistent trend between arrays since the frequency showed a tendency to
sometimes jump over a much wider range (see Supplementary Fig.2 and 3). When comparing the
individual spectrum analyzer measurements most of them would yield the same narrow linewidth,
albeit at different central frequencies, but sometimes the measurement would be artificially broad
due to the slower movement of the central frequency. This behavior suggests two different types of
noise: i) a frequency independent white noise at short time scales, and ii) a 1/ f-like noise at longer
time scales; both noise types are well established in STNOs %2,

10
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The black dashed line in Fig is a fit to N, which clearly shows how the linewidth in
the white noise regime decreases in inverse proportion to the number of mutually synchronised
constrictions. This is consistent with the total mode volume, or total energy of the auto-oscillation
state, increasing linearly with N*® As the mode volume scales with w, the linewidth is further
reduced in large constrictions. As shown in the see Supplementary Fig.4, the 1/f noise scales more

weakly than N~! and only shows marginal improvement with number of synchronised SHNOs.

Fig[3p shows the synchronisation peak power at the same current values (white solid lines in
Fig[2). As the total (integrated) microwave power should increase linearly with NV for a mutually
synchronized square array?" we expect the peak power to increase as N2. While this is observed
for small N = 4-25 for all arrays, the peak power eventually levels off for larger N = 36-64.
This roll off can be reproduced by introducing a small relative phase difference between individual
constrictions or between individual chains. While this phase shift is negligible in small arrays,
it will add up to a significant phase shift between the constrictions or chains farthest apart in
the larger arrays. As the voltages are no longer added exactly in phase, the N2 scaling will no
longer hold. The dashed black line in Fig[3p is a calculation of the expected peak power using
the measured resistance values for each array and the assumption that there is a chain-to-chain

relative phase shift of 16°. The agreement is reasonably and indicates that the peak power would

hot increase substantially for 10x 10 and larger arrays (see [Methods| [Estimated power spectral|

for details).

In Fig[3c we show how the synchronisation current density (Jsy; extracted from white

11
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dashed lines in Fig.2), depends on SHNO array dimensions. Jsy, is virtually independent of the
number of SHNOs in the array as long as w and p stay the same. For the two arrays with w=120
nm, we can compare the impact of pitch and conclude that larger separation requires a slightly
higher current density for mutual synchronisation. However, the overall trend is that Jsy,, is rather

independent on array dimensions at this level of detail.

The low linewidh of ~60 kHz at an operating frequency of ~10 GHz, leads to quality factors
ashighas Q = f/Af =170,000. As the N~! dependence of the linewidth does not show any sign
of levelling off for higher /V, mutual synchronisation of yet larger arrays can be pursued to further
improve () in the white noise regime. The very low white noise linewidth will greatly simplify the
design of phase-locked loops*!' (PLLs) to further stabilize the microwave signal, as the PLL can be

optimized for the slower 1/f noise still present in the synchronised state.

Prospect for neuromorphic computing

In addition to serving as highly coherent microwave sources, the two-dimensional SHNO arrays
can be directly used for neuromorphic computing following an approach implemented using STNO
vortex-oscillator chains'®. As a proof-of-principle we have chosen a 4 x4 SHNO array at an oper-
ating point where the four individual chains are mutually synchronised internally but do not syn-
chronise with each other (Figip). The four chains hence serve as the four neurons, /Ny_4, which
in our case interact in a predominantly nearest neighbor fashion. This is qualitatively different

from the chains of vortex-oscillators, where all neurons interacted globally through their shared

12
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18 Fig demonstrates that each chain remains in its internally synchronised

microwave curren
state when subject to an injected microwave current at about twice its frequency** and that each
neuron interacts individually with the injected current. Fig/dd finally shows the characteristic syn-
chronisation map™® of a 4-neuron oscillator network subject to two individually swept microwave
frequencies f4 and fp. Each colour represents one of the 20 different injection locked states as

indicated to the right of the map. The network can hence distinguish and categorize 20 different

input combinations of f4 and f5.

Using synchronised chains as our neurons, instead of single constrictions, provides both
higher coherence and higher output power, which simplifies the identification of the different syn-
chronised states. It also demonstrates that mutual synchronisation within chains remains robust
under external perturbations necessary for computing, which is an example of the versatility and
robustness of the nano-constriction SHNOs. For completeness we point out that we could also
generate 20-state synchronisation maps using four nano-constrictions in a 2x2 array, albeit with

less signal quality (not shown).

13
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Outputs: Synchronization configurations

fo/2 (GHz)

8.5
8.5 8.535 8.57 8.605 8.64 8.675
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Figure 4: Neuromorphic computing with a 4x4 SHNO array. (a) Schematic of the network
where the four neurons (/N;_4) interact only with their nearest neigbors while both input current
(fa and fp) act globally on all four neurons. (b) SEM picture of the 4x4 array where the four
synchronised chains act as neurons /N;_4, and two microwave currents with frequencies f4 and
fp are added to the drive current. (c) Injection locking to f4 of each synchronised chain. (d)
synchronisation map of the network response when both f4 and fp are swept individually. A total
of 20 different injection locked responses can be observed. Each state is represented by its own
colour in the list to the right of the map, where e.g. (1A, 2B) indicates that neuron 1 is locked to

175 f4 and neuron 2 is locked to fg, while the other neurons remain unlocked.

176 To train our network, we need a way to tune their individual frequencies. While one could

177 imagine a layout that would allow for individual current tuning of different nano-constrictions or

14
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chains, this becomes increasingly complex for larger networks. A more useful approach would
be direct voltage control of the magnetic properties in the nano-constriction region, such as the

magnetic anisotropy and/or the damping>>>*

which could tune the SHNO frequency and possibly
also turn them on/off at will. Particularly intriguing is the possibility of incorporating a non-

volatile element in the voltage control of the magnitude and even sign of the spin orbit torque, as

was recently shown®>3_ to allow for local storage of synaptic weights at each nano-constriction.

A wide range of recently suggested neuromorphic computing approaches are based on large
two-dimensional oscillator network with local tuning. Vertex colour ing of graphs, which repre-
sents a class of combinatorial problems that are non-deterministic polynomial-time hard, can be
addressed with oscillator networks.*” Pattern matching using arrays of multilevel oscillator neurons
has been suggested *>>° Auto-associative memory based on networks of STNOs and mechanical

d12,40,41

oscillators have been studie . Oscillator networks with nearest-neighbor coupling instead

421143 and

of global coupling show particular potential for image segmentation and edge detection,
can also be used as Ising machines for solving combinatorial optimisation problems.** The char-
acteristic scale of image segmentation, i.e. whether fine or coarse grain details should be clustered
together, is furthermore governed by the general nearest-neighbor coupling strength. As we can
control this coupling both by the current and/or the external field, image segmentation at vari-

able length scales should be possible using a single two-dimensional SHNO network with voltage

controlled frequencies.

In comparison to one-dimensional STNO chains'®, two-dimensional SHNO arrays have a

15
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number of significant merits for neuromorphic computing. To perform classification or segmenta-
tion of bigger data sets, one must scale up the network as the maximum number of distinguishable
classes or segments depend on the number of sufficiently interacting oscillators to provide a use-
ful mix of partially synchronised states. Our SHNO arrays offer a proper scaling path, currently
accommodating 100 partially synchronised SHNOs taking up an area of less than 1 ym?; further
down-scaling, using already demonstrated 20 nm SHNOs*, will bring that number below 0.2 ym?.
The time required to reach a particular synchronised state is expected to scale inversely with the
product of the operating frequency and the coupling strength. SHNO operation has been demon-
strated at 24 GHz and the mutual locking range is of the order of 1 GHz,2'% both being about
two orders of magnitude higher than the corresponding numbers for vortex STNOs®48. The direct

optical access may also enable optical inputs to the network.

To truly benefit from these improved characteristics, it will be important to increase the out-
put power by other means than synchronisation. The best STNO output power has been demon-
strated using magnetic tunnel junctions (MTJs).*” MTJ based SHNO arrays should be possible to
fabricate using e.g. W/CoFeB based tri-layers*", where a W/CoFeB/MgO/CoFeB stack could de-
fine an MTJ on top of the auto-oscillating constriction region. By using MTJs over only part of
a synchronised array, one may also circumvent the build up of a large phase shift between distant

parts of the array.
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Conclusion

In conclusion, we have fabricated two-dimensional SHNO arrays with up to N = 100 nano-
constrictions and demonstrated robust mutual synchronisation in arrays with up to N = 64 con-
strictions. We find that the white noise linewidth scales inversely with the number of mutually
synchronised constrictions and can reach below 60 kHz at frequencies of about 10 GHz, reaching
Q values of 170,000. The 1/f noise is only marginally improved. We have also demonstrated how
these two-dimensional arrays can produce the type of synchronisation maps recently used in neu-
romorphic computing. Our demonstration will enable the use of SHNO arrays in two-dimensional
nano-oscillator networks for high-quality microwave signal generation and neuromorphic comput-

ing on very large data sets.

Methods

Sample fabrication. To fabricate SHNO arrays, a tri-layer of NiggFeqo(3nm)/Hf(0.5nm)/Pt(5nm)
was deposited at room temperature on high resistivity silicon substrate (10 k{2.cm). The native
oxide layer on the substrate was removed by plasma cleaning before the deposition process. An
ultra high vacuum magnetron sputtering machine was used while the Ar pressure was kept at 3
mTorr during the deposition. The sample was covered by 37nm of Hydrogen silsesquioxane (HSQ)
electron beam resist and SHNO arrays were written in HSQ by a Raith EBPG 5200 electron beam
lithography machine operating at 100 kV. The patterns were then transferred to the tri-layer by

ion beam milling process at 30° ion incident angle with respect to the film normal to minimize
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sidewall redepositions. SHNO arrays were defined with different constriction widths (w = 50,
80, and 120 nm) and SHNOs center to center distance as pitch size (p = 100, 140, 200, 300 nm).
Because the curvature of the nano constriction is rather elliptical arc, for the larger p values, the
shape of the holes defined into the tri-layer is more elliptical. However, for smaller p values, the
holes look more circular. The curvatures of the nano constrictions in all arrays with different ws
and ps are identical. To define the top coplanar waveguide (CPW) contact for dc and microwave
measurements, optical lithography was performed followed by HSQ removal only at contact areas
in diluted buffered Hydrofluoric acid. Finally, a 1 pm thick layer of Cu(980nm)/Pt(20nm) was

deposited, and CPWs were obtained after resist removal by the lift-off process.

Microwave characterisation We used a custom-built probe station where the stage can rotate the
sample holder between the poles of an electromagnet to apply an out-of-plane magnetic field to
the sample. The in-plane and out-of-plane angles of the sample were fixed at 30° and 76°, respec-
tively while the magnetic field was set to o= 0.68 7" for all measurements. A direct current was
applied through the dc port of a bias-T to excited auto oscillation in SHNO array while emitted
microwave signal from array was picked up by the high frequency port of bias-T and was sent to a
low noise amplifier (LNA) in 4-10 GHz range before it was recorded by a high frequency spectrum
analyzer (SA). The recorded spectra were then corrected to correspond to the power emitted by
the device, taking into account the amplifier gain, the losses from the radio frequency (rf) compo-
nents and cables, and the impedance mismatch between the device and the 50 {2 measurement line
and load. The auto-oscillation linewidth and peakpower were extracted by fitting a single sym-

metric Lorentzian function. To perform the neuromorphic computing demonstration, we used a
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microwave power combiner connected to a microwave circulator to inject two microwave signals
into the SHNO arrays. The injected power for the two signals f4 and fg was limited to -2 dBm
to avoid any damage to the LNA and the SA. f5 and fg were chosen to be close to 2 fsyno, i.e. we

injection lock on the second harmonic.

Estimated power spectral density We consider the power delivered by the array of K x M = N

oscillators to the load R;, taking into account the finite resistance of the mesa R,,,. For the perfectly

synchronised state, without any phase shift between oscillators, the power reads as %

KMI,AR,, 2

P pu—
Y7 | KR, + M(R, + R,,)

Ry, o))

where M defines the quantity of parallel branches with K serial oscillators in each of them and,
thus, for our case K = M = 2,4,5,6,8. R; = 50€2 - load resistance, R,, = 20012 is the
resistance of the sample outside the array region (mesa), R. = 80f2 - the resistance of each nano-
constriction, /4. - dc current applied to each oscillator and R, is the alternate resistance created

by the magnetisation precession through AMR, which we assume as a fitting parameter.

Please note, that the above expression results in the proportionality of the delivered power to
the total number of oscillators /V for the square arrays, when K = M. Since the measured power
deviates from such a scaling, we we allow for a phase shift ¢ between neighboring chains. In this
case, assuming the Lorentzian shape of the PSD with the linewidth A f defined by full width at

half maximum (FWHM), one can write the maximum value of the PSD:

2 K1, AR,
PSDm(zm - ) 2
7Af | KR. + M(Ri + Ry) ZCOSM Rl @)
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which is shown by a dashed line on Fig. with the fitted value ¢ = 16.4°. Please note, that
in the synchronised state the linewidth A f should be inversely proportional to the total power of

auto-oscillations, i.e. to the total number N, and does not depend on the phase shift ¢ a8l

Micro-BLS characterisation The magneto-optical measurements were performed using room
temperature micro-focused BLS measurements. Spatially resolved maps of the magnetisation dy-
namics are obtained by focusing a polarized monochromatic 532 nm single frequency laser (solid
state diode-pumped) using a high numerical aperture (NA=0.75) dark-field objective, which yields
a diffraction limited resolution of 360 nm. The scattered light from the sample surface is then
analysed by a high-contrast six-pass Tandem Fabry-Perot interferometer TFP-1 (JRS Scientific
Instruments). The obtained BLS intensity is proportional to the square of the amplitude of the

magnetisation dynamics at the corresponding frequency.

Data Availability Statement 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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