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Integrating magnetic skyrmions into neuromorphic computing could help
improve hardware efficiency and computational power. However, developing
ascalableimplementation of the weighted sum of neuron signals—a core
operationin neural networks—has remained a challenge. Here we show that
weighted sum operations can be performed in acompact, biologically inspired
manner by using the non-volatile and particle-like characteristics of magnetic
skyrmions that make them easily countable and summable. The skyrmions are

electrically generated in numbers proportional to aninput with an efficiency
given by anon-volatile weight. The chiral particles are then directed using
localized currentinjections to alocation in which their presence is quantified
through non-perturbative electrical measurements. Our experimental
demonstration, which currently has two inputs, can be scaled to accommodate
multiple inputs and outputs using a crossbar-array design, potentially nearing
the energy efficiency observed in biological systems.

Magnetic skyrmions are topological magnetic solitons behaving like
particles. They are stabilized at room temperature in magnetic thin
films or heterostructures with optimized magnetic anisotropy and
Dzyaloshinskii-Moriya interaction'”. Recent experimental studies
have shown that magnetic skyrmions canbe nucleated**'°, moved***,
annihilated""and electrically detected using the anomalous Hall effect
(AHE)™" or tunnel magnetoresistance (TMR)"” ™.

Magnetic skyrmions have arange of features that make them suit-
able for energy-efficient computing operations'®'?, such as stability at
room temperature, deep submicrometre dimensions, non-volatility,
particle-like behaviour and motion at low power. These characteris-
tics align closely with the needs of neuromorphic computing®, and
recent reports have shown that skyrmions can provide various roles
in neuromorphic circuits, from acting as artificial synapses'>* and
neurons?>?>* to functioning as stochastic reshufflers**., They can
even facilitate reservoir computing for data classification based on
particle dynamics'®**, However, a fundamental neural network opera-
tion—the weighted sum of input neuron signals—is still missing in the
context of skyrmions®.

A weighted sum operation involves multiplying each input X;
(whereirelates to the index) by a tunable factor known as the synaptic
weight w; (Fig. 1a). The subsequent results ¥; are then summed to
produce the final outcome Y, = Z?il Y, = Zfil w;X;, where Mis the
number of inputs. Complementary metal-oxide-semiconductor
(CMOS) neuromorphic circuits achieve weighted sums through
the combined use of transistors and static random-access memories
that have a large silicon footprint (several square micrometres
per synapse), volatile weights and consume tens of picojoules
per synaptic operation®. Biological systems, by contrast, achieve
the weighted sum through the nucleation and release of vesicles
under electrical stimulation, followed by the accumulation and
detection of neurotransmitters that they contain to produce the
output spikes (Fig. 1b). They are extremely efficient with non-
volatile synapses of submicrometre dimensions, and an energy cost
of approximately 25 f] per synaptic event corresponding mainly to
vesicle release® .

In this Article, we report an experimental demonstration of a
neuromorphic weighted sum with magnetic skyrmions (Fig. 1c).
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Fig. 1| Skyrmionic weighted sum building blocks. a, Working principle of a
neural network weighted sum that emulates the functionality of the biological
neural network. The input values X;are multiplied by their respective synaptic
weights w; to generate Y;values that can be summed to produce an output

Yioe = 2.iY;- b, Illustration of a biological weighted summation operation within
aneuron. The neuronreceives spike voltage signals VS'}';kJ. atvarious times
through synapses, each withits associated synaptic weight w;. Thisinduces the
nucleation and motion of vesicles (black circles) containing neurotransmitters
(violet dots). These neurotransmitters accumulate at the neuron receptors,
resulting in the weighted summation operation ), w; Vs'l')‘k'i. The neuron generates
anoutput spike VS?)‘I‘(‘ when this summation reaches a threshold value,

thereby implementing the nonlinear activation function. ¢, Schematic of our
implementation of a skyrmionic weighted sum, which performs the necessary

operation for a neural network weighted sum. Electrical inputs j}" areapplied to
skyrmion host tracks (in green) to nucleate the controlled number of magnetic
skyrmions Ng,; at the nucleation sites, each with an assigned synaptic weight w;
sothat Ngy; = w; jﬁ”. These skyrmions are moved into a transverse electrical
detection zone, established by the intersection of the track and read line for the
electrical output (inred), where the cumulative number of skyrmions

Ny = 2.iNsi; can be electrically detected through an output voltage AV arising
from the AHE or TMR. d, Kerr microscopy difference image of the device with
magnetic skyrmions (dark spots), which were nucleated fromanotchina
6-um-wide synaptic track made of a Ta(5 nm)/Pt(8 nm)/[Co(1.2 nm)/Al(3 nm)/
Pt(3 nm)],, multilayer. Skyrmions moved between the detection electrodes
made of 3-pm-wide and 10-nm-thick Ta electrodes connected only at the edges
ofthe track.

When an electrical current pulse is injected along a track with index i,
a corresponding number of skyrmions N, ;is produced in the nuclea-
tion zone. The intention is for this number to be proportional to the
input values—signified by the current pulsein each track /*-multiplied
by a factor w;, which represents the weights of the weighted sum:
Nsy; = w,-ji". These skyrmions, once generated, can be displaced
under the action of electrical pulses of smaller amplitude through
the action of spin-orbit torques (SOT) to accumulate in a specific
region, enabling a spatial summation expressed as Ng .o, = 2:Nsy ;-
The total number of skyrmions in a selected region can be detected
using magnetoresistive means™'*'* and can, therefore, implement
the weighted sum of inputs:

Nsk tor = Z wij:'n . @
i

We show that this approach allows for an electrical readout of the
total sum. We exploit the unique quasiparticle and non-volatility
properties of skyrmions, making them easily countable and summa-
ble, and use these properties to perform the weighted sum operation

over the number of skyrmions. In this approach, the skyrmions
are nucleated and moved in a manner reminiscent of vesicles, and
detected and accumulated within neurons in a way analogous to
neurotransmitters (Fig. 1)**. A similar functionality could also be
achieved with other particle-like magnetic textures like hopfions** or
skyrmionic cocoons®, although their electrical control is currently
lessadvanced.

We show thatelectrical pulses can nucleate a controllable number
of skyrmions from a notch in the host material at room temperature
(Fig.1d). The number of generated skyrmions directly correlates with
the count of applied electrical pulses, allowing efficient input encod-
ing (equation (1)). The weight factor, influenced by the notch’s geom-
etry, can be adjusted by changing the magnetic field applied on the
structure (but more practical non-volatile solutions exist). We then
non-perturbatively detect the nucleated skyrmions using the AHE.
Finally, we showcase an experimental demonstration of the weighted
sum with a two-input-to-one-output configuration. Our skyrmionic
weighted sum approach offers non-volatile weights and compactness
due to fully electrical, local operations at a submicrometre scale. We
show that the concept is scalable to multiple inputs and outputs by
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using a crossbar-array-like geometry, with the potential of reaching
the energy efficiency found in biological systems.

Electric-pulse-controlled nucleation and motion
of skyrmions

The first experimental challenge to realize the weighted sum is to
achieve a precise control of skyrmions nucleation: the quantity of
nucleated skyrmions should be directly proportional to the input.
This necessitates the development of a reliable method to encode
thisinput withinthe current pulses that drive the nucleation. Further-
more, the proportionality factor, representing the weight, should be
adjustable to enable learning. The second challenge involves ensuring
that all the nucleated skyrmions are reliably transported from their
nucleation site to the designated accumulation and detection region
without the loss or gain of skyrmions. The incorporation of detection
circuits (Fig.1c,d, red area) can lead to localized alterations in current
density, which canimpact the motion of skyrmions. In particular, the
Hall cross geometry, whichis frequently used for skyrmion detection,
can hinder the movement of some or all the skyrmions due to reduced
current density atits centre.

Our building block is shown in Fig. 1d (Methods provides more
details). The multilayer track is optimized to stabilize the isolated
skyrmions of approximately 200 nm in diameter at room tempera-
ture and to facilitate efficient current-driven skyrmion motion by
SOT*¢. The skyrmion nucleation site is implemented by a notch that
enables a local increase in current density, surpassing the threshold
for skyrmion nucleation, and ensuring the rest of the track remains
below this threshold® (Supplementary Note 1). Skyrmion detection is
performed through AHE using a specially crafted Hall cross geometry.
We design tantalum (Ta)-based Hall electrodes that are two orders of
magnitude more resistive than the skyrmion track, connected solely
to their edge to minimize spatial variations of the current density and
eliminate potential current leaks that might disrupt skyrmion move-
ment (Supplementary Note1).

The controlled generation of skyrmions by current injection in
our building block device is demonstrated in Fig. 2. As a preparatory
step, we orient the magnetization vertically (along the +z direction)
by applying an out-of-plane (OOP) magnetic field of 200 mT, ensuring
complete saturation of magnetization. Subsequently, by injecting cur-
rent pulses (current density, /=160 GA m; pulse duration, ¢ =50 ns)
under an OOP magnetic field (u,H, =24 mT), we selectively nucleate
magnetic skyrmions at the notch. Following their formation, these
skyrmions are transported, driven by the SOT mechanism**®, to the
designated detection region.

The skyrmion count within the track increases linearly with the
number of applied current pulses (Fig. 2a,d). The skyrmions, being
nucleated sequentially, form a linear arrangement, following a char-
acteristic oblique trajectory, which is attributed to the inherent
topological properties of the skyrmions—the skyrmion Hall effect™.
The skyrmion Hall angle, which quantifies the deviation between the
current’s direction (along x) and the skyrmion’s propagation path, is
approximately 15°, consistent with the anticipated angle for this spe-
cific material system at the experimental current density®.

To mitigate any potential adverse effects from such transversal
motion, the Hall electrodes are positioned close to the notch. This
ensures that skyrmions are detected before approaching the track’s
opposite edge (Fig. 2a-d). Asexpected fromthe skyrmion Hall angle, we
determine that skyrmions typically cover a distance of 15 pm longitu-
dinally (inthex direction) before nearing the opposing boundary of the
track. By analysing the skyrmion velocity as afunction of the positionin
thetrack, we observe that the train of skyrmions can completely cross
theareaofthe Ta-based electrodes without any detectable reductionin
their velocity and perturbation of their trajectory, because of the much
larger sheet resistance of the Ta layer compared with the magnetic
multilayer (Supplementary Notes 1and 2). These findings represent a

critical advancement in the design of anomalous Hall detection, with
important implications for skyrmion racetrack memories***, where
the perturbation of the skyrmion motion at the detection electrodes
can affect the functioning of the device. Inthe present device, we find
askyrmionvelocity ranging from afew metres per second toafew tens
of metres per second for current densities ranging from150 GA m™2to
200 GA m™. Therelation between the number of nucleated skyrmions
per pulse and the current density displays a quadratic behaviour, which
is the signature of a thermally driven skyrmion nucleation process
(Supplementary Note 3).

Transformation of electrical pulse inputsinto
skyrmion numbers
We demonstrate that our device design enables controlled skyrmion
generation, with a linear evolution of their number with the input
required to implement the weighted sum operation (equation (1)). In
Fig. 2e,f,we display the evolution of the number of nucleated skyrmions
Nginthetrack observed by Kerr microscopy as afunction of the num-
ber of current pulses injected in the track, Np., under poH, =24 mT.
Our results, presented for varyingJ values (Fig. 2e) and different
tvalues (Fig. 2f), consistently show a direct proportionality between
the skyrmion count and the number of applied pulses. This under-
scores our capability to change the number of skyrmions in the track
linearly by adjusting the number of input pulses. The nucleation rate
of skyrmions per pulse also displays alinear relationship with the pulse
duration (Supplementary Note 3 and Supplementary Fig. 4), offering
an alternative to the number of current pulses to encode the input.
For specific sets of parameters, for example, /=171 GAm™2and
t=50 ns, we observe aone-to-one ratio of skyrmion to pulse (Fig. 2e,f).
By modulating these parameters, we can control the nucleation prob-
abilities, thereby achieving a desired skyrmion number in the track.
This flexibility allows for either a small number of skyrmions (facili-
tating optical detection) or a higher number of skyrmions (suitable
for more complex operations). The latter is particularly valuable for
addressing device sensitivity issues that may arise from small varia-
tionsin skyrmion numbers or to reduce potential computation errors
caused by unintended skyrmion nucleation or annihilation. A high
skyrmion countalsoimproves the electrical signal, facilitating electri-
cal detection.

Magnetic-field control of the synaptic weight

In Fig. 2g, we show that the proportionality factor between Ny and
Neuiser Which defines the synaptic weight in our concept, depends on
the amplitude of the external perpendicular magnetic field .. These
results demonstrate that the synaptic weight can be tuned by an exter-
nal OOP magnetic field. The smaller the value of the external magnetic
field u,H,, the larger is the number of nucleated skyrmions for a given
current pulse. In particular, more than 50 skyrmions canbe nucleated
inthe 6-um-wide trackin 20 current pulses (/=171 GAm2and ¢t =50 ns)
by decreasing the magnetic field to 20 mT. Depending on the applica-
tion, the number of states could be adjusted by the skyrmion diameter
relative to the track width. Here we focus on accurately assessing the
device functionality by quantifying the number of skyrmions through
Kerr microscopy. To achieve this,200-nm-large skyrmions are utilized,
alongside alimited number that could be confidently counted visually.
However, in practical devices, direct skyrmion observationis unneces-
sary, allowing for the substantial reduction in skyrmion size down in
therange of afew tens of nanometresin diameter and a corresponding
increase in their number.

In Fig. 2h, we present the number of skyrmions nucleated per
current pulse, or nucleation probability ng, = dNg/dN,, .. €xtracted
from linear fits in Fig. 2g as a function of uyH,. This nucleation
probability is found to decrease linearly with 1,H,. A variation of about
-0.57 skyrmions per pulse and per mT is found up to amaximum field
of toH, max = 26 mT, where no more skyrmions are nucleated (for fixed
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Number of skyrmions versus current pulse inputs

Fig. 2| Controlled nucleation of magnetic skyrmions at anotch using current
pulses asinputs and weight fine-tuning. a-d, Kerr microscopy images of

the device shownin Fig. 1d, after the application of 8 (a), 14 (b), 20 (c) and 26

(d) current pulses at/ =160 GA m™, ¢t =50 nsand pi,H, =24 mT. e,f, Number of
skyrmions nucleated in the track, Ng,, with the number of pulses applied, Ny,
(fixed poH, =24 mT) for several current densities /with fixed ¢ = 50 ns (e) and for
several pulse durations ¢ with fixed /=171 GA m™ (f). g, h, Control of weight using
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the number of pulses N, for several OOP external magnetic fields uoH, with
fixed/=171 GAm™2and ¢ =50 ns. h, Linear control of the number of skyrmions
nucleated per pulse (slopes in graphs e-g), ng,, with 1,H,. The grey dashed lines
in e-g correspond to one nucleated skyrmion per pulse, andin h, the grey dashed
lineisalinear fit with a slope of —0.57 skyrmions per pulse and per mT. The error
barsin h have asimilar magnitude to that of the symbols.

J=171GAm™?and t=50 ns). On the contrary, if the field is further
reduced below 20 mT, elongated domains are found tobe nucleated in
the track, thereby setting a minimal field for device operation. We esti-
mated the precision onthe slope (the synaptic weights) to be approxi-
mately 0.1skyrmions per pulse (Supplementary Note 4). Therefore, this
enables the differentiation of 15synaptic states for field increments of
approximately 0.2 mT in our prototype demonstration. This exceeds
the six synaptic states achieved with the skyrmion*, which reached 78%
accuracy inrecognizing the Modified National Institute of Standards
and Technology (MNIST) dataset (with 13 synaptic states reaching a
98.61% accuracy is anticipated, which is nearly equivalent to the ideal
full-precision synapse). Increasing the number of skyrmions offers a
solution to enhance the weight precision and expand the attainable
number of synaptic states. In this context, reducing the skyrmion size
allows alarger number of particles, making smaller skyrmions prefer-
able to go towards analogue systems.

Our findings indicate that adjusting the magnetic properties at the
nucleation site can effectively modulate the synaptic weight. Impor-
tantly, it demonstrates the linearity of the synaptic weight control

with the magnetic field. In prospective devices, achieving such modi-
fications could be realized in a non-volatile and local way, possibly
leveraging magneto-ionic effects.

Neuronal detection and output

Thefinal summationinourdevice correspondsin practice to the meas-
urement of the anomalous Hall voltage across the detection area in
which skyrmions have been accumulated (Methods, Supplementary
Note 2 and Supplementary Fig. 3a,b). The variation in Hall voltage,
denotedas AV, is showninFig. 3 as skyrmions are introduced into the
detection zone (Fig. 3, blue dotted square). For the visual detection
of skyrmions, we use a 6 x 6 um?box centred on the Hall bar that is
assumed to be the electrical detection area (Supplementary Note 2
and Supplementary Fig. 3). This choice is motivated by a recent study*’,
which demonstrated a consistent anomalous Hall voltage contribution
for magnetic textures contained within this specificarea, whereas the
influence of magnetic textures positioned outside thisbox appears to
diminish exponentially as the distance from the Hall cross increases.
This variation is shown for three distinct combinations of magnetic
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Fig. 3| Non-perturbative electrical detection of the number of skyrmions
using thin Ta electrodes. a-c, Evolution of the Hall voltage AV =V~ V,, and the
number of detected skyrmions N, ... as a function of the measurement index
(one pulse applied before each measurement with indices 11-30) for current
pulses with fixed ¢ =50 ns and for/=171GAm™(a) and /=194 GAm2(band ¢),
and p,H,=24 mT (aandb) and p,H, = 22 mT (c). Ten measurements of voltage are
performed before the application of the pulses and after magnetically erasing
the skyrmions, defining the saturation voltage V,,.. The green-shaded region
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marks the window in which the current pulses were applied. Theinsetsina-c
correspond to the Kerr microscopy images of the nucleated skyrmions after
eight current pulses are applied under different conditions (dashed line). The
blue dashed boxes indicate the detection zone estimated as a 6-pm-wide square.
The red-shaded areas show the uncertainty of the Hall voltage measurements
taken as twice the standard deviation of the initial and final 10 measurements (20
measurementsin total).

fields and currents. The x axis shows consecutive measurement
sequences (Methods). After 10 measurements of the saturated voltage
value (AV=0), 20 current pulses are used to nucleate the skyrmions
(Fig. 3, greenarea). For each set of conditions, AVrises due to the accu-
mulated skyrmions in the detection zone. Then, a saturating field of
200 mT is applied to reset the system (eliminates all the skyrmions),
followed by 10 final voltage measurements, which revertto AV=0.
Reversing the current pulse direction is another way to (electrically)
erase skyrmions one by one: the skyrmions move back along the same
obliquetrajectory and get eventually annihilated at the notch (Supple-
mentary Note 5and Supplementary Fig. 7). However, this annihilation
mechanism canlead to afew residual skyrmions at the notchlocation,
leading to potential small errorsin subsequentiterations. Theerror can
be minimized using more pulses, at the expense of a more energetic
reset process.

In Fig. 3, each skyrmion contributes equally to reduce the
mean magnetization of the initial uniformly magnetized state”. This
means that the Hall voltage variation AV can be directly associated
with the number of skyrmions present in the detection zone, denoted
as Ny detec- Alongside the Hall measurements (Fig. 3), we also plot the
number of skyrmions identified inthe detection zone viaKerrimaging
(see the insets). We base our analysis on the assumption that the AHE
is proportional to the zcomponent of the magnetization distribution
within the 6 x 6 pm?* detection area. Skyrmions further away from this
centre are excluded from consideration. This methodological choiceis
supported by experimental dataand we show a proportional relation-
ship between AV values and the count of skyrmions derived from the
magneto-optic Kerrimages. In particular, the ratio of the scales on the
yaxes shown in Fig. 3a-c are constant across all the plots. This show-
cases the concomitantincrease inboth skyrmion countsand AVvalues
with either increasing pulse current density (Fig. 3a,b) or decreasing
HoH, (Fig.3b,c). Given the limited size of the detection zone, both the
skyrmion count and the resultant Hall voltage eventually plateau as
the detection area becomes saturated or skyrmions begin to move
beyond its boundaries.

From our measurements, we find a contribution of approximately
22 nVtothe AVvalueforeachskyrmion (usingad.c. current of 100 pA)
with astandard deviation of 7 nV (Supplementary Note 6). This finding
isinlinewiththe data presented elsewhere®. Additionally, by analysing
theHall voltage shift during full magnetization reversal of the detection
zone (Supplementary Note 2 and Supplementary Fig. 3b) and assum-
ing skyrmions as circular domains with a uniform, opposite ‘down’
magnetization, we estimate the skyrmion diameter to be approxi-
mately 222 + 33 nm, as expected for such a multilayer track. The esti-
mated standard deviation of the skyrmion diameter primarily arises
fromuncertainties related to skyrmion counting and electrical noise.
Moreover, achieving precise control over the skyrmion diameter is
not a fundamental requirement for this study; instead, we focus on
harnessing their total number.

Collectively, these results demonstrate the capability of electri-
cally counting skyrmions with high precision using AHE, a crucial
aspect for executing the neuromorphic weighted sum operation. The
reproducibility of the skyrmion nucleation and Hall voltage output
for fixed parameters is demonstrated in Supplementary Note 4.

Demonstration of the weighted sum operation

We present the weighted sum operation using a configuration with two
inputs and one output within the device shown in Fig. 4a, consisting
oftwo parallel tracks intersected by a Ta Hall electrode (Methods and
Supplementary Note 7). A current pulse generator is connected to track
1and then to track 2, to successively inject skyrmions in both tracks
(Fig.4b,c), before areset operation by applying u,H, =200 mT (Fig. 4d).
The corresponding AV for current pulses of about 116 GA m2and 50 ns
with g,H, =20 mT is shown in Fig. 4e. The measurement sequence is
provided in the Methods. Twenty pulses are applied to track 1, result-
ing in the concomitant increase in the skyrmion number detected
in track 1via the Hall voltage. The same process is then repeated for
track 2, whichleadstoafurtherincreaseinboththe total detected skyr-
mionnumber and the Hall voltage. The AVmeasured for each successive
skyrmion injection agrees with the value expected from individual
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Fig. 4| Weighted sumin adevice composed of two parallel multilayer tracks.
a-d, Kerr microscopy images of the device composed of two 6-um-wide parallel
magnetic multilayer tracks connected by a transverse 6-um-wide Ta Hall
electrode. After the saturation of the track using z1,H, =200 mT (a), skyrmions
canbeselectively nucleatedin track1(b) and track 2 (c), before being erased

by another pyH,=200 mT (d).e, AV (inred) and the corresponding sum of the
skyrmion number detected in both tracks Y Ny, e« (in blue) for the successive
injection of skyrmions in the tracks. Twenty nucleation pulses are successively
applied to each track (green- and yellow-shaded areas for tracks1and 2,
respectively) using a current pulse of about 116 GA m2and 50 ns, at ytoH,=20 mT.

Measurement iteration ER

The thin (thick) red line shows the raw (smoothened) electrical measurements
after drift correction. The red-shaded areas indicate the uncertainty of the Hall
voltage measurements taken as twice the standard deviation of the initial and
final 20 measurements (40 measurements in total). f,g, Mean value of AV after 30
nucleation pulses successively applied to each track, where the pulse duration
applied to track 2 is reduced from 50 ns (f) to 30 ns (g). h, Kerr microscopy images
corresponding to the measurementing. The error barsinfand g represent the
standard deviation of the Hall voltage based on 20 specific measurements,

with the range of these measurements indicated by the length of the dotted
horizontalline.

measurements of the two Hall crosses (Supplementary Note 7 and
Supplementary Fig.10c—j). This result demonstrates that the measured
AVvalueis directly proportional to the sum of the skyrmion numbers
inthe two tracks, as desired for the final sum operation of our device.

This device produces the same weight for each track as the notches
are nominally identical, and the external OOP magnetic field is the
same over the entirestructure. Tostudy the evolution of the AHE volt-
age for different weights in each track, we can, however, modulate

the weight—the number of skyrmions generated by each pulse—by
changing the duration of the pulse (Supplementary Note 7 and the
linear evolution of the number of skyrmions and the related Hall voltage
with pulse durationis shownin Supplementary Fig.10c-j). InFig. 4f,g,
we illustrate this control, keeping constant the number of current
pulses (30),/=116 GA m~2and yi,H,= 20 mT, but varying the pulse dura-
tion. In Fig. 4f, the same pulse duration of ¢ =50 ns is used in the two
tracks corresponding toidentical weights, resulting in two consecutive
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Fig. 5| Characteristics of a scaled neuromorphic computing device. a, Crossbar
architecture comprising M parallel tracks (in green) intersected by L MTJs (red). It
enables the introduction of M electrical inputs to inject skyrmions from each
nucleation site made of VCMA gates (purple). The skyrmions are then moved into
the detection sites where their number naturally sum, inducing L electrical
output voltages. The output voltage produced on columnjis given by

AV, =f¥Nsi i1 = f[2{w;Npys. )1, Where iis the track index and freflects the
nonlinear activation function of the MT) applied to the sum of the skyrmion
number ¥ N, ;. b, Evolution of the standard deviation o of Ng, over Ny asa

Number of pulses, Npyco Precision of sum (%)

function of N,,.for a single synapse and for several values of the probability of
nucleating one skyrmion p(1). The larger the number of attempted skyrmions, or
larger the p(1) value, the smaller the relative error, with o ~ /(1 — p(1))/Npuise
(represented by the dotted lines for the p(1) values considered). ¢, Estimated
mean energy cost in a device composed of ten synapses as a function of the
desired weighted sum precision considering the energy to nucleate asingle
skyrmion as ~20 pJ (estimate from the device shown in Fig. 2),10 pJ (thermally
induced nucleation), 100 f] (VCMA-induced nucleation) and 500k, T = 2 aJ at
T=300K (energy barrier for stable skyrmions).

andidentical increases in the Hall voltage, with the mean Hall voltage
measuring 105 + 21 nV and 211 + 27 nV following nucleationin tracks 1
and2, respectively.InFig.4g, the pulse durationis reduced to ¢ =30 ns
forinjecting skyrmionsintrack 2, corresponding toreducing the weight
close to zeroin this track (Supplementary Note 7 and Supplementary
Fig.10h,j). As expected, the resulting average Hall voltage after the
injectionin track 2 (147 £ 42 nV) is almost unchanged compared with
the value obtained after nucleation in track 1 (121 + 34 nV). This is
equivalent to a suppression of the second term related to track 2 by
setting w, = 0, and keeping w, unchanged, in the total output signal
AV=wNpyise1 + WoNpyse - The Kerrimage reproduced in Fig. 4h explains
thatin the latter case, the detected skyrmion number is close to zero
intrack 2.

Device scaling

The neuromorphic weighted sum device can be scaled toaccommodate
moreinputs and outputs using acrossbar-array geometry (Fig. 5a). By
adding more input tracks to a device like the one shown in Fig. 4, the
systemscales linearly; Mparallel tracks can support aweighted sumof M
inputs. Toincrease the number of outputsto L, additional notches and
Hall bars can be introduced along the track. Utilizing high-resistivity
electrodes for AHE measurements, such as Ta used in our study, can
mitigate issues like current leaks and sneak paths that are common
in traditional crossbar arrays with oxide materials and conductive
electrodes. One advantage of our device, compared with previously
proposed neuromorphic devices using skyrmions”, is that it requires
only onetransistor per synapse, rather than two transistors per synapse,
thereby reducing the device area and read energy.

To realize a neuromorphic computing device, a nonlinear acti-
vation function must be applied to the weighted sum results, which
has not yet been investigated in the present work. Such a function
can be applied to the resulting AHE voltage AV by leveraging CMOS
technology*, which is compatible with our device, or magnetic tunnel
junctions (MTJs)***2, Indeep neural networks, multiply-and-accumulate
operations are the most dominant and are, thus, crucial to be executed
efficiently in hardware*.

MT]Js could also be used directly for electrical skyrmion detec-
tionthrough their TMR ratioinstead of relying on linear Hall voltages.

The device concept is schematically illustrated in Fig. 5a. A large
TMR ratio, akin to those in magnetoresistive random access memory
(MRAM) MT] bits, could provide a more robust output signal, simpli-
fying the on-chip detection circuits. The TMR signal is expected to
monotonically increase with the cumulative number of skyrmions
beneath the MTJ, and to introduce the necessary nonlinearity, espe-
cially for large TMR (Supplementary Note 8 and Supplementary Fig.11).
Consequently, using MTJs as skyrmion detectors can intrinsically
apply the nonlinear activation function of the neurons directly at the
crossbar outputs. This approach has the potential to execute all the
essential neuromorphic computing operations withinasingle device,
eliminating the need for external electrical interconnections between
theindividual neural layer components.

In our demonstration, the input is coded by the current pulse
number directed to a track, and the Hall voltage serves as the output
signal. For the future integration of multiple crossbar arrays, consist-
ent types of input and output would be beneficial. One approach is
to use spin or orbital torques for skyrmion nucleation*, rather than
thermal effects. These torques should also resultinalinear correlation
betweenthe current density and the number of skyrmions. Therefore,
the amplitude of the current pulses could act as an input parameter.
Conveniently, conversions between such inputs and outputs could
be efficiently executed in CMOS using straightforward amplifica-
tion with transistors. Another promising direction involves utilizing
voltage-controlled magnetic anisotropy (VCMA) to induce skyrmion
nucleation by applying a gate voltage within the nucleation sites'®"*¢,
Inthis scenario, theinputs are directly encoded in voltage amplitudes,
ensuring direct consistency with the output voltages.

Tunable weights

Our experimental proof-of-concept device features fixed weights,
but we demonstrate that they can be tuned by modifying the local
magnetic fields at the nucleation sites. A viable approach for devel-
oping miniature trainable devices involves leveraging magneto-ionic
effects. By applying electric-field gating, these effects caninducelocal,
non-volatile and reversible alterations to the magnetic anisotropy
and Dzyaloshinskii-Moriya interaction within the magnetic multi-
layer stack*°. Such modifications enable the tuning of skyrmion
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nucleation®*¢ and dynamics®%, effectively adjusting the synaptic
weights, in a non-volatile and reversible way*>**. We recently showed
the ability to control the magnetic properties and the domain pattern
inmultirepeat Pt/Co/Al multilayers similar to those used in this work®.
Moreover, the observed linear correlation between the number of
nucleated skyrmions and the OOP external magnetic field (Fig. 2h)
strongly suggests a potential linear relationship between the number of
nucleated skyrmions and the sample’s anisotropy field. This could lead
toastraightforward calibration of the synaptic weights. The gate used
for the magneto-ionic modification of magnetic properties could also
be used for VCMA-induced skyrmion nucleation with reduced energy
requirements'®”**¢, This could be achieved by leveraging different
timescales for the VCMA nucleation of skyrmions. Figure 5a shows a
schematic of the nucleation site design for VCMA-based nucleation
and weight control.

Another approach forimplementing non-volatile weightsinvolves
harnessing skyrmion non-volatility to avoid the nucleation step at every
computationaliteration. Input current pulses would be used exclusively
to move skyrmions from the initial nucleation site towards the detec-
tion zone, with a number of skyrmions reaching this area that needs
to be proportional to the current pulse input. Then, the skyrmions
would be moved back to the nucleation site by electric pulses of oppo-
site polarity. By adjusting the total number of skyrmions within the
track at the nucleation site, non-volatile weights can be effectively
realized. However, areversible skyrmion motion s required to prevent
alteration of the effective weight.

Energy of synaptic operation

Theenergy for our proposed skyrmionic weighted sumis determined
by the nucleation energy of a skyrmion. We experimentally demon-
strate this sum operation using a thermal nucleation scheme®, related
to atemperature increase by about AT=100K, leading to £, =10 pJ
per skyrmion (Supplementary Note 9). Reducing the metallic volume
to be heated can further decrease £, to the picojoule per skyrmion
range. In our experimental device, the heat energy is provided by a
current pulse and has been estimated to be approximately 20 pJ per
skyrmion (Supplementary Note 9), corresponding well to the expected
thermal energy required for the nucleation of a skyrmion. In practi-
cal devices in which skyrmion counting via Kerr microscopy would
be unnecessary, reducing their size decreases the energy consump-
tion and increases compactness with the square of the diameter: for
30-nm-diameter skyrmions, we expect a 50-fold reduction. Skyrmions
can be scaled down to diameters as small as a few tens of nanometres
in magnetic multilayers at room temperature®>, and there is no
strict physical limitation to decrease them further to the scale of afew
nanometres.

Efficient nucleation techniques, such as VCMA, can potentially
lower the nucleation energy to just under 100 f], based on recent MTJ
experiments'®”. VCMA devices, given their input and weight encoding,
promise substantial energy savings per synaptic event compared with
neuromorphic CMOS chips (10 p) per synaptic event®°), with the added
benefit of weight retention. This is close to the energy consumptionof a
biological synaptic event, approximately -25 f], associated with vesicle
release”, underscoring the potential of skyrmions for brain-equivalent
efficiency in neuromorphic computing. Although stochastic thermal
nucleationis usedinthis work, deterministic generationis suitable as
the only requirement is linearity. VCMA nucleation could avoid the
requirement of skyrmion motion between nucleation and detection
sites by directly nucleating the skyrmions through voltage within an
MTJ'*Y. This nucleation method also mitigates the adverse effects of
thermal fluctuations in our system, which might otherwise affect the
motion of skyrmions, including the skyrmion Hall angle*°**’. Addition-
ally, skyrmions canalso be annihilated by a gate voltage in MT]Js, offer-
inganelectrical reset method when MTJs are used™®. Finally, the lowest
energy for skyrmion nucleation that can be expected is approximately

500k;T=23ajat T=300K, corresponding to the energy barrier to sta-
bilize skyrmions.

In addition to the skyrmion nucleation energy contribution,
the comprehensive evaluation of energy consumption in the device
necessitates the consideration of supplementary factors, including
the energy expended during the electrical readout and reset of the
skyrmion number and the operation of the CMOS circuit. However, the
exhaustive estimation and optimization of these energy componentslie
beyondthe scope of this study. The readout energy may be reduced by
the utilization of optimized MTJs with a substantial TMR ratio, coupled
with operation at high frequencies, which could lead to values below
femtojoules®. It should also be emphasized that these improvements
will be highly challenging to achieve, with several cross-compatibility
issues and necessary compromises between the proposed improve-
ment solutions. For instance, combining nucleation and detection
sites at the same location requires the development of gate materials
thatsimultaneously provide alarge TMR signal, non-volatile magnetic
property changes viamagneto-ionic gatingand VCMA skyrmion nuclea-
tion, presenting a material challenge due to the competing require-
ments of these functionalities. In the case of separated nucleation and
detectionsites, developmentis required to facilitate the displacement
of skyrmions from one site to the other. In particular, the processes of
nucleation at one MT]J and displacement and detection at a separate
MT]J have already been demonstrated for domain walls®.

Reliability of the sum operation

The thermal origin of skyrmion nucleation makes the process stochas-
tic. If the system is tuned to produce one skyrmion per electrical
pulse, the outcome canbe different than the one with probability p().
Inour experimental devices, we observe the nucleation of zero, one or
two skyrmions when the current pulses are shaped to create a single
skyrmion per pulse on average. We have performed numerical
simulations for several values of p(1) to determine the relative deviation
o of the number of nucleated skyrmions Ng, for N, .€electrical pulses
(Supplementary Note 10). Assuming that p(0) = p(2) = p(1)/2, the
results show an excellent agreement with the formula o ~/p@)/Npysse
(Fig. 5b). In our prototype, we estimate p(1) to be approximately 0.6,
anumber that also accounts for the detection noise (Supplementary
Note 10). This number is comparable with the probability of vesicle
release in biology (corresponding to the skyrmion nucleation in our
concept) typically between 0.25 and 0.5 (ref. 32).

The precision of the sum operation is set by this nucleation
probability. When Mindependent synapses with each one producing
Nsim the expected standard deviation of the sum, /s¥_o2(m), is
equal to VMg if all the synapses have the same standard deviation.
When N, pulses areinjected per synapse, the sumis equal to MN .,
theprecisionofthesumisgivenby1 — J(Npmse)/\/l\_/l =1 —/p@)/(MNpue)
and the mean energy cost is MN,;.. times the estimated skyrmion
nucleation energy. In Fig. 5¢c, we show the relationship between the
sum precision and the mean energy cost for ten synaptic operations
(M =10). Achieving a higher precision necessitates greater energy
consumption. Consequently, an optimal operating point can be identi-
fied by balancing the energy cost against the sum precision require-
ments, akin to a trade-off encountered in biology*’. As shown in Fig. 5c,
arelatively high precision on the sum operation can be achieved at a
low energy cost, even when using p(1) = 0.6. Additionally, deep neural
network architectures can berobust against localinaccuracies, which
can be absorbed by the network. Two alternative paths for device
optimization are (1) to encode numbers with larger number of
skyrmions or (2) toimprove the deterministic nucleation of skyrmions.
Other nucleation schemes, for example, inspired by MRAM technolo-
gies, might reduce p(1) by many orders of magnitude. For 10 synaptic
operations, the lowest physical limit for the energy required for
skyrmionnucleationisintherange of 10 aJ to1f], and asingle synaptic
operationisinthe1-100 aJ range.
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Conclusions

We have reported a neuromorphic weighted sum based on magnetic
skyrmions. We first developed a method for electrically controlling
skyrmion nucleation and movement within specially crafted magnetic
multilayered tracks. The linear association between the number of
generated skyrmions and applied current pulses, under various sets
of parameters, implements the multiplication of inputs by a synaptic
weight. The weight can be finely tuned through minor adjustmentsto
the OOP external magnetic field (close to —0.57 skyrmions per pulse and
permT). Using optimized parameters, we demonstrated the injection
of over 50 skyrmions into a 6-um-wide track.

Our design uses highly resistive Ta-based transverse electrodes
connected only to the edge of the track, enabling the electrical detec-
tion of skyrmions viathe AHE without adversely affecting their motion
or providing sneak pathsin crossbar arrays. We validated the weighted
sumoperationinadevice featuring two parallel tracksintersected by a
Hallelectrode; the resulting Hall voltage corresponds to the combined
number of skyrmions inboth tracks. This ensures the efficient execu-
tion of the fundamental weighted sum operation, a cornerstone for
neuromorphic computing.

Looking forward, integrating magneto-ionic effects for non-
volatile, reversible control over local magnetic properties, along with
nonlinear electrical detection viaMT]Js, could provide comprehensive
functionality for neuromorphic computing. The approach could,
ultimately, lead to brain-inspired hardware capable of weighted sums
atan energy expenditure as minimal as1-100 aJ per synaptic operation.

Methods

Device fabrication

The multilayered stack used to stabilize skyrmions at room tempera-
ture is Ta(5 nm)/Pt(8 nm)/[Co(1.2 nm)/Al(3 nm)/Pt(3 nm)],,, with the
index ‘10’ signifying ten repetitions of the trilayer, and this stack is
grown at room temperature by magnetron sputtering on Si;N, sub-
strates. This multilayer stack leverages bothinterfacial Dzyaloshinskii-
Moriya interaction and perpendicular magnetic anisotropy, allowing
to stabilize skyrmions of approximately 200 nm in diameter at room
temperature. The Si;N, substrates are used to enhance thermal energy
dissipation and minimize the number of nucleated skyrmions in our
demonstrative device, allowing for easy visual counting and enhancing
the visual observation of the device operation. The device geometries
are defined by a three-step ultraviolet lithography process. The first
step is used to define the track geometry (Fig. 1d, green), as well as
contacts for the Hall electrodes, which is obtained by Ar*-ion etching
of themultilayer film. The track shownin green in the Kerr microscopy
images (Fig.2a-d) spans 6 pminwidth and 40 pminlength, bearingan
impedance of 98 Q including the contacts. It incorporates a rounded
triangular nucleation notch, accounting for roughly 17% of the track’s
width. The second step is used to define the crossing Hall bar electrodes
(Fig.1d, red), still by ultraviolet lithography, and keeping the resist mask
used for thefirst step to ensure that the electrodes are only connected
on the edge of the multilayer track. Then, 10-nm-thick Ta electrodes
are deposited by sputtering and lifted-off, measuring 3 pumin width for
the devices shown in Figs. 2 and 3. Finally, the third lithography step
is used to lift-off the sputtered Ti (10 nm)/Au (200 nm) electrical con-
tacts for electrical measurements. The proof-of-concept device used
to demonstrate the weighted sum operation (Fig. 4a) consists of two
parallel magnetic multilayered tracks, each 6 um wide and equipped
with a nucleation notch. These tracks are intersected by a 6-pum-wide
TaHallelectrode.

Kerr microscopy

Kerr microscopy is used to observe and count the skyrmions in the
devices. For each measurement series, a reference image is taken in
the saturation state and subtracted from the displayed image. This
image difference enhances the magnetic contrast, and reduces the

‘topographical’ features. The light source is ablue light-emitting diode
(LED) with a peak intensity at 445 nm wavelength. For the maximum
resolution, we use a x100 lensinimmersionin a high-refractive-index
oil (n=1.5) and large numerical aperture (1.3). Due to thermal drifts,
the sampleis realigned before each image using a three-dimensional
piezoelectric stage. The focusis a key parameter to get the contrast of
the sub-wavelength-diameter skyrmions. A fine-focus series of images
istaken by varying the focus to achieve the maximum resolution. The
best-focused image is automatically selected, and its optimized focus
position is then forwarded for the nextimage acquisition. Due to this
procedure, each acquisition typically takes a few minutes. A final fine
correctionforthe driftin planar directions ismade in post-treatment.

The colours of the Kerr images presented in this work have been
modified toimprove thereadability of the figures; Kerrimages without
colour modifications are provided in Supplementary Note 11.

Electrical measurements

Skyrmions are nucleated and moved using pulses generated by an
arbitrary waveform generator connected to a 38 dB amplifier, with
typical voltages in the range of volts. The Hall voltage measurements
are performed by using a d.c. current source and a nanovoltmeter to
measure the transverse Hall voltage with a current of 100 pA. This
current corresponds to a current density in the range of 0.1 GAm™2,
which is about three orders of magnitude below the threshold cur-
rent for skyrmion nucleation and motion. To improve the electrical
measurement precision, each voltage measurement is the average of
50individual pair of measurements with positive and negative currents
of100 pA witha duration of 100 ms. The measured transverse voltage
isconsidered to be proportional to the mean magnetization along the
zdirection®. AHE loop measurements are obtained by sweeping an
OOP external magnetic field and recording the Hall voltage to which
anoffsetissubtracted. The offset corresponds to a small longitudinal
voltage component (Supplementary Note 2 and Supplementary Fig. 3).

The measurement sequence for building the block device shown
in Fig. 3 is as follows. Initially, ten voltage measurements are taken
without any skyrmioninjections to determine the saturated magneti-
zation value, that is, when no skyrmions are present. In the depicted
graph, these ten initial data points exhibit a consistent Hall voltage,
with AV = 0. Following this, 20 current pulses are used to nucleate
skyrmions. After each pulse, both Hall voltage and Kerr image are
recorded. To conclude the measurement sequence, asaturating field of
200 mTisapplied and ten voltage measurements are again performed
atsaturation to correct for voltage drifts.

For the measurements of a single device composed of parallel
multilayer tracks, the tracks are connected in parallel to a d.c. cur-
rent source. Tracks1and 2 have a resistance value of130 Qand 120 Q,
respectively. Each track has calibrated resistances of 12 kQ in series
at each end of each track. This ensures an identical (within 0.1%) d.c.
current of 100 pA flowing in each track. Moreover, it guarantees that
the voltage measured at the edge of the Hall cross only arises from
the device instead of the electrical circuit used for the measurement
(Supplementary Note 7; Supplementary Fig.10a shows aschematic of
the electrical circuit). With this circuit, the Hall voltage measurement
is indeed found to be the sum of the individual Hall voltage of each
individual track (Supplementary Note 7 and Supplementary Fig. 10b).
Thisindicates that the Hall voltage measured at the edge of the device
accounts for the sum of the magnetization contribution of the two
Hall crosses. Bias tees are used to selectively inject current pulses or
d.c. current within the desired track. The measurement sequence for
the prototype device (Fig. 4) isthe same as for the individual track, that
is,20 measurements of the Hall voltage are taken after fully saturating
the tracks’ magnetization and a Kerr image is taken as the reference.
Then, 20 pulses are applied to track 1, each pulse being followed by
a voltage measurement, whereas Kerr images are taken after every
Spulses. Then, 20 more voltage measurements are carried out to check
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the voltage stability. The same process is then repeated for track 2.
Finally, asaturating field of 200 mT is applied and 10 voltage measure-
ments are taken.

The quoted current densities are the averaged ones estimated by

dividing the total current by the width of the track (6 pm) and the total
magnetic multilayer thickness (85 nm).

Data availability

The datathatsupportthe findings of this study are available via Zenodo
athttps://doi.org/10.5281/zenodo.13988409 (ref. 60). Other relevant
dataare available from the corresponding authors on request.
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