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Abstract

To enable the practical use of skyrmion-based devices, it is essential to achieve a balance between energy
efficiency and thermal stability, while also ensuring reliable electrical detection against noise.
Understanding how a skyrmion interacts with material disorder and external perturbations is thus
essential. Here we investigate the electronic noise of a single skyrmion under the influence of thermal
fluctuations and spin currents in a magnetic thin film. We detect the thermally induced noise witha 1/fY
signature in the strong pinning regime but a random telegraph noise in the intermediate pinning regime.
Both the thermally dominated and current-induced telegraph-like signals are detected in the weak pinning
regime. Our results provide a comprehensive electronic noise picture of a single skyrmion, demonstrating
the potential of noise fluctuation as a valuable tool for characterizing the pinning condition of a skyrmion.
These insights could also aid in the development of low-noise and reliable skyrmion-based devices.
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l. INTRODUCTION

Noise fluctuation is conveniently analyzed through its power spectrum
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where x(t) is the time-domain signal. The power spectrum possesses various signatures which may
provide information about the nature of the dynamics. For example, a broadband 1/fY (f = 2mw) noise
may be detected. While the noise is white when y = 0, the 1/f2 signature (y = 2) corresponds to
Brownian noise and can be produced by the trajectories of a Brownian walk. According to van der Ziel’s
picture [1-3], the 1/fY signature may arise from a collection of non-identical random telegraph noise
(RTN) oscillators with the form
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where f; is the average fluctuation rate and Ax is the difference of the quantity x between the two states.
In addition to broadband noise, there may also be a narrow band noise in the detection which produces

peaks at characteristic frequencies that correspond to the length scales of the system [4-8].

Noise fluctuation has proven to be a useful method for characterizing condensed matter states
such as superconducting vortices [4,5,9-12], quantum fluctuations [13-18], and charge density waves [19-
24]. It could be equally useful for characterizing skyrmions. Magnetic skyrmions with a fixed chirality
have been observed in non-centrosymmetric bulk magnets [25-27] and magnetic multilayers [28-32]
where the antisymmetric Dzyaloshinskii-Moriya interaction [33,34] (DMI) exists and favors one sense of
rotation of the magnetization over the other. Magnetic skyrmions can serve as effective agents for next-
generation beyond-CMOS data storage [35-38], logic [39-41], probabilistic computing [42-45], and

neuromorphic computing [46] devices owing to their non-volatility, stability, and efficient controllability.



For device applications, it is necessary to manipulate a single skyrmion via spin currents
[35,36,39,40,45,46], magnetic fields, or microscopic thermal fluctuations [42-45]. This must be achieved
in an efficient manner while recognizing that there is a trade-off between energy efficiency and thermal
stability. Furthermore, one must be able to transduce a single skyrmion into detectable electrical signals
against noise. These requirements demand an understanding how a skyrmion interacts with material
disorder and external perturbations. Alternatively, one may take advantage of the noise in devices such as
a skyrmion true random number generator [45]. A comprehensive study of the noise properties of a
skyrmion is therefore crucial and may provide fundamental guidance on how to fabricate devices that
demand low-noise performance and reliable electrical detection as well as those that utilize the noise

fluctuation of a skyrmion.

The noise characterization of skyrmions has been limited to particle-based models [6,47] and only
recently has been studied experimentally for the motion of a skyrmion lattice in a bulk magnet with a B20
crystal structure [7,8]. It was found that the collective transport of a skyrmion lattice produces a narrow
band noise with the washboard frequency corresponding to the time required for a skyrmion particle to
move one period. The electronic noise of a single skyrmion, however, remains elusive. The formation of a
skyrmion configuration is a result of the delicate balance between competing energies. In materials with
disorder, the size and shape of a skyrmion can vary spatially [48]. The shape of the encircling domain
wall around the skyrmion core is governed by the competition between “skyrmion surface” tension
energy [49,50] and local pinning energy [48,51]. Additionally, external perturbations can induce spin

torgques on the magnetization, causing local fluctuations that generate noise in the skyrmion.

In this work, we perform a systematic study of the electronic noise produced by a single skyrmion
in response to thermal fluctuations and spin currents over a wide range of pinning conditions. We detect
and analyze distinct noise signatures from the thermally dominated and current-induced dynamics of a

skyrmion. This study helps us understand how a skyrmion interacts with material disorder and



perturbations, which is also key to understanding the noise dynamics of other structures in physics that

share similar behaviors.

1. MAGNETIC THIN FILMS AND MAGNETIC STRUCTURES

For this study, we fabricate perpendicularly magnetized multilayers of
substrate/Ta/CoaoFe40B20(0.95 nm)/MgO(1.6 nm)/TaOy on thermally oxidized silicon wafers
[Supplementary Note | [52]]. The magnetic configuration in this system is determined by the competition
between multiple energy terms including the perpendicular magnetic anisotropy (PMA) [53-56],
exchange interaction, interfacial DMI [33,34] and Zeeman energy, and can be tuned by an applied
perpendicular magnetic field H, [Supplementary Note |1l and Supplementary Fig. 3 [52,57,58]]. The
interfacial DMI leads to chiral magnetic domain walls and stabilizes skyrmions in this system at room

temperature and in a suitable field range [Supplementary Notes Il and 1V [52]].

We implement moderate pinning strengths by regulating the DC power (Pr,) for deposition of the
Ta layer [Supplementary Note V [52]]. We identify the three growth scenarios with Pr, =
3,4,and 5 Watt as corresponding to the strong, intermediate, and weakly pinned samples, respectively
[Supplementary Note V [52] and Supplementary Movies 1 — 3]. Distinct pinning conditions may result
from the effects of Py, on thin-film structures and the variation in material parameters [Supplementary
Note V [52], Supplementary Note V also contains Refs. [51,59-80]]. The competition between the
pinning energy, thermal energy and the current determines the noise dynamics of a skyrmion, as shown in

Fig. 1(a) and discussed in more detail below.
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FIG. 1. Scheme of the experimental setup for studying noise of a skyrmion. (a) A schematic depiction of pinning
effects on the noise dynamics of a skyrmion. In the strong pinning regime, the skyrmion is strongly pinned while
multiple internal domain-wall hopping oscillations (double-headed arrows) may exist. In the intermediate pinning
regime, one case is presented where one part of a skyrmion is more strongly pinned while the other part, under
thermal effects, fluctuates in time between two weaker pinning sites leading to a random telegraph noise signature.
In the weak pinning regime, the skyrmions hop between pinning sites more easily and both temperature and current
can strongly affect the skyrmion dynamics. (b) Schematic of the experimental setup. Electronic noise of a skyrmion
is studied by an electronic noise measurement system with the help of direct imaging using a polar magneto-optic
Kerr effect (p-MOKE) microscope. (¢) An example of the Hall voltage V(t) and its power spectrum Sy (f)

obtained by the noise measurement system.

To study the electronic noise of a skyrmion, we nucleate a single skyrmion ina 20 x 20 um?
Hall cross and measure the magnetically induced Hall-signal fluctuations [Supplementary Note Il [52,81-
84] and Fig. 1(b)]. In this case, the x in Eqgs. (1) and (2) is defined as the Hall voltage, Vi; = Ryl, where
Ry is the Hall resistance. Notably, Ry is dominated by the anomalous Hall resistance that is proportional
to the perpendicular magnetization, while the conventional Hall resistance proportional to H, can be
neglected in comparison [85]. We measure the noise under an applied current I and a perpendicular
magnetic field H,. The electric current is converted into a spin current through the spin Hall solid, Ta,
which exerts spin-orbit torques on the skyrmion [86-88]. This study provides us with both amplitude and

frequency details of the noise of a skyrmion in responses to the external perturbations.



1I. ELECTRONIC NOISE OF A SKYRMION IN DIFFERENT PINNING REGIMES

We summarize in Fig. 2 the electronic noise results of a single skyrmion in the strong,
intermediate, and weak pinning regimes. All results are measured in the temperature range from 298.9 to
319.5 K and in the current range from 0.01 to 1.0 mA. As described in more detail below, we detect a
thermally induced noise with a 1/f?Y signature in the strong pinning regime [Fig. 3] buta RTN in the
intermediate pinning regime [Fig. 4]. Both the thermally dominated and current-induced telegraph-like

signals are detected in the weak pinning regime [Fig. 5].
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FIG. 2. (a) Summary of electronic noise of a skyrmion

n in different pinning regimes. The subscripts “T”” and “C” represent the noise of thermally dominated or current-
induced dynamics, respectively. We detect a thermally induced noise with a 1/fY signature in the strong pinning

regime but a RTN in the intermediate pinning regime. Both the thermally induced and current-induced telegraph-

2
like signals are detected in the weak pinning regime. (b) Normalized Hall-resistance noise Asskyr/(ARf(];yr) ofa

S

skyrmion in different pinning regimes. ARX;,‘Yr and ASlikyr represent average contributions of each skyrmion to the

anomalous Hall resistance and Hall-resistance noise, respectively. In the intermediate and weak pinning regimes, we
Skyr

make the approximation that ASp™" ~ Sg for Ngy,, = 1. This is justified as the Sy for N, = 1 significantly

exceeds the background noise level, which can be disregarded in our calculations.



Figure 2(b) summarizes the amplitude details of the noise of a skyrmion for each pinning region.

2
Instead of presenting noise Sy, we present a normalized Hall-resistance noise Asﬁkyr/ (ARﬁi,‘yr) where

AR)f;,‘yr and Asgkyr are average contributions of each skyrmion to the anomalous Hall resistance and Hall-

resistance noise, respectively, as discussed below. The normalized noise accounts for the variations in the
Hall resistance of a single skyrmion across different samples and therefore allows us to compare different

samples.
A. 1/fY noise of a skyrmion in the strong pinning regime

In the strong pinning regime, skyrmions move negligibly owing to the lower thermal energy
relative to the pinning energy Upinning- Still, the internal domain-wall hopping exists and may contribute
to the 1/fY noise signature [Fig. 3(b), also see Supplementary Note VI and Supplementary Figs. 7 and 8
[52], Supplementary Note VI also contains Refs. [89-91]]. The speculation of internal domain-wall
hopping oscillations contributing to the 1/fY noise of a skyrmion finds validation through micromagnetic
simulations as depicted in Supplementary Note VII and Supplementary Fig. 9 [52] [Supplementary Note
VIl also contains Refs. [92]]. The pinning energy Upinning governs the domain-wall hopping through the
Arrhenius law f, = fooexp(—Upinning/kBT), where fo is the attempt frequency. The Upinning
distribution therefore affects the distribution of the internal domain-wall hopping oscillators as well as the
noise signature from this collection of non-identical oscillators. Conversely, the distribution of Upinning
can be inferred through an examination of the noise spectrum. When the distribution is uniform, the value

of y equals 1. A fitting of the 1/f7 noise with y = 1.36 [gray curve in Fig. 3(b)] uncovers the Upinning
distribution contributing to the 1/f7" noise, as depicted in Fig. 3(a). For further fitting specifics, refer to

Supplementary Note V11 [52] [Supplementary Note VI1I also contains Refs. [77,93-95]].
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FIG. 3. 1/fY noise of a skyrmion in the strong pinning regime. (a) A plot illustrating distribution of the Upinning that
contribute to the 1/f7 noise of a skyrmion. The result is obtained by fitting the gray curve in (b), which exhibits a
1/f7Y signature with y = 1.36. The inset provides a schematic depiction of the noise dynamics of a skyrmion under
strong pinning, where the skyrmion is strongly immobilized while potentially undergoing multiple internal domain-
wall hopping oscillations (double-headed arrows). (b) Red dashed line: Sy spectra with the 1/f7" noise signature for

Ngyyr = 0 at H, = —7.32 Oe. Red solid line: Sk spectra with the 1/ noise signature for N, = 1 at H, =

—7.32 Oe. Gray line: an average contribution of each skyrmion to the noise ASEk-"’r where the background noise is
subtracted. The inset shows a p-MOKE image of the skyrmion for noise measurements. (c) The relative Hall
resistivity Apy, as a function of Ngyy,. (d) Sg at 10 Hz as a function of Ngy,,. The dotted line is a linear fit to Sg =
Sro + AsskerSkyr. (e) Sg for Ngyyr = 1, Asskyr and the skyrmion diameter Dgyy as a function of H,. Dotted line in

the inset represents the fit to the experimental data using a theoretical model [96] [Supplementary Note |1

[45,52,88,96]].

To eliminate the background noise, we study the noise of discrete skyrmions at a constant field
[Supplementary Note VI and Supplementary Fig. 7 [52]]. At a field where skyrmions are stabilized,

multiple states with variable skyrmion numbers Ny, may be accessed through a field cycling process



[Supplementary Note IV [52]]. Figure 3(c) shows a linear variation of the relative Hall resistivity Apy,

Skyr

vy =176+ 1.25 nQ cm. This

with Ngyr. Each skyrmion contributes to the Apy, in the amount of Ap

aligns closely with the previously reported electrical detection of an isolated skyrmion using the
anomalous Hall effect [97]. In addition, the Hall-resistance noise Sy also increases linearly with Ngyy

[Fig. 3(d)]. Fitting to Sg = Sg + ASIS{kerSkyr yields the average contribution of each skyrmion to the

noise Asgkyr as well as the contribution from the uniform magnetization state Sy . This fitting assumes

negligible interactions between skyrmions due to their large spatial separation [Supplementary Note VI

[52]]. Although Assky " is smaller than the background noise by one order of magnitude [Supplementary
Fig. 7 [52]], it is distinguishable and clearly exhibits the 1/fY signature [gray line in Fig. 3(b)].
Analogous measurements performed at different fields for this sample and other samples all concur with
the 1/f7 signature with 1.0 < y < 1.4, independent of the skyrmion’s polarization [Supplementary Note

VI and Supplementary Fig. 8 [52]].
B. Field-dependent 1/f7 noise of a skyrmion

Figure 3(e) displays the field-dependent noise of a skyrmion at 10 Hz as well as the skyrmion

diameter Dgyy,. It is noted that while the skyrmion size decreases by about 43% from —6.93 to —9.24 Oe

[inset in Fig. 3(e)], the Asgky " decreases by almost two orders of magnitude. This is contrary to what one

would expect, which is that the number of internal domain-wall hopping oscillators is proportional to the
total length of domain walls which would thereby linearly affect the noise amplitude [Supplementary
Note IX and Supplementary Fig. 10 [52]]. The significant reduction in noise with respect to the skyrmion
size suggests that the number of internal domain-wall hopping oscillators in a skyrmion decreases
significantly with a reduction in skyrmion size. It can be inferred that smaller skyrmions are more

appropriate for applications due to their substantially lower noise levels.



Skyr \where ARS®T is the

We calculate the signal-to-noise ratio (SNR) by using ASPS{kyr/ARXy Xy

average contribution of each skyrmion to the anomalous Hall resistance. The SNR of a skyrmion is on the

2
order of 2.0% Hz %5 at 1 Hz and 0.5% Hz~°F at 10 Hz, as evidenced by SNR? = AS3"/ (ARE;,‘W) in

Fig. 2(b). A low SNR is crucial in the electrical detection of a skyrmion owing to the small signal from

this tiny magnetic structure [46,97].
C. Random telegraph noise of a skyrmion in the intermediate pinning regime

In the intermediate pinning regime, a skyrmion exhibits the ability to hop between certain pinning
sites with greater ease yet remains strongly pinned by specific pinning centers. [Supplementary Note X,
Supplementary Fig. 11 [52], and Supplementary Movie 4]. The case presented here involves one part of a
skyrmion being more strongly pinned while the other part, under thermal effects, fluctuates in time
between two weaker pinning sites [Figs. 4(a) and (b)]. This behavior is schematically represented by the
bended double-headed arrow in Fig. 4(a). This produces a RTN signature [Fig. 4(c), also see Ref. [45]].
Along with the RTN, we identify a fluctuation in Ap,, over time between two discrete states and
correspondingly a skyrmion-size variation between a small-skyrmion (Apxy = 0) and a large-skyrmion
(Apyy ~ 8 nQ) cm) configuration [Fig. 4(d) and Supplementary Movie 5]. This shares the same physics as
the internal domain-wall hopping oscillations in the strong pinning regime. There may also be more
internal domain-wall hopping oscillations in the skyrmion, depicted by the straight double-headed arrow
in Fig. 4(a). Nevertheless, these oscillations manifest with significantly smaller amplitudes AV % /212,
Their contributions to the overall noise [10~7 — 10~¢ Q2 /Hz at 1 Hz as shown by the gray curve in Fig.
4(c)] are negligible in comparison to the detected noise in the intermediate pinning regime [10~° Q2 /Hz

at 1 Hz as shown by the red curve in Fig. 4(c)].
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FIG. 4. Random telegraph noise of a skyrmion in the intermediate pinning regime. (a) Schematic depiction of
skyrmion dynamics in the intermediate pinning regime. The case presented here involves one part of a skyrmion
being more strongly pinned while the other part, under thermal effects, fluctuates in time between two weaker
pinning sites leading to a random telegraph noise signature. (b) Energy path for the two-state transition. The small-
skyrmion and large-skyrmion states occur at local minima in the energy landscape separated by an energy barrier.
The transition between the two states involves passing through a series of interfaces, {A;, = 19,4, **, Ap—1, An =
As}, defined as isosurfaces of a monotonically varying order parameter, ¢, such as the perpendicular magnetization
m,. Due to the presence of thermal energy, recrossings between neighboring interfaces are inevitable, as illustrated
by the dashed arrow in the schematic. (c) Hall-resistance noise spectra Sg of a skyrmion in the intermediate pinning
regime. The spectra are measured at H, = —5.75 Oe (red) and —5.96 Oe (gray) where the skyrmion fluctuates in
time between the two states or remains in a deterministic small-skyrmion state, respectively. The dashed line is a fit
to the RTN plus a 1/fY noise. (d) Relative Hall-resistivity Ap,, variations in time of a skyrmion at H, = —5.75 Oe
(red) and —5.96 Oe (gray). (e) Map of Hall-resistance noise spectra Sy at different fields. A transition of the RTN
into the 1/f7Y noise is observed by increasing or decreasing the field to the deterministic small-skyrmion and large-
skyrmion state, respectively. (f) The fluctuation rate f; as a function of the amplitude AV?2 /212 of the RTN of
isolated skyrmions in the intermediate pinning regime. All results are measured at 307.1 K and with a current I =
—0.2 mA. This current corresponds to the current density of —2.4 x 10° A/m? flowing in the Ta buffer layer. The

red curve in (d) is reproduced from Ref. [45].
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The two identified states, referred to as the “small-skyrmion” and “large-skyrmion” states,
correspond to local minima in the energy landscape, separated by an energy barrier, as illustrated in Fig.
4(b). The fluctuation between these states is thermally induced, and the fluctuation rate is determined by
the competition between the pinning energy barrier Upinning and the thermal energy kgT. Our previous
work has shown that the energy landscape can be influenced by adjusting the applied magnetic field and a
spin current through the Zeeman energy and spin-orbit torques, respectively [45]. This enables the
manipulation of the local dynamics of a skyrmion and, in turn, influences the noise generated by the
system [45]. The skyrmion is more likely being in the small-skyrmion state when the applied field H, is
increased or when the current is applied along the +x axis in Fig. 4(b) [45]. Similarly, the large-skyrmion
state is more probable with decreasing the applied field or applying a current in the —x axis [45]. Along
with the deterministic small-skyrmion and large-skyrmion configuration at a higher or lower field,
respectively, a 1/fY noise signature is detected [Figs. 4(c) and (e)]. This closely resembles the behavior

of a strongly pinned skyrmion.
D. Effects of the energy landscape on the internal domain-wall hopping oscillation dynamics

We observe and analyze the RTN for multiple isolated skyrmions where the fluctuation rate f;
varies between skyrmions [Fig. 4(f), also see Supplementary Note X and Supplementary Fig. 12 [52]].
This fluctuation rate variation is a result of different energy paths for the two-state transition and provides
us with a platform to study how the energy landscape affects the internal domain-wall hopping oscillation
dynamics of a skyrmion. The Arrhenius law f;, = fOOeXp(_Upinning/kBT) tells us how Upinning and the
thermal energy kgT affect the RTN dynamics. Additionally, the attempt frequency f,, may carry an
activation entropy which implies that a longer path must be explored more randomly [98-100]. It has been
identified recently through simulation studies that the entropic effect is crucial in describing other
processes including the magnetization switching [98,100] and skyrmion annihilation [99]. The entropic

effect can be elucidated through the forward flux sampling method, which involves a series of interfaces
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{10 = AL, A4, An—1, Ay = Ag} in configuration space between the large-skyrmion and small-skyrmion
states. These interfaces are defined as isosurfaces of a monotonically varying order parameter, ¢, such as
the perpendicular magnetization m, [Fig. 4(b)]. Despite the energy profile being characterized by two
local minima and an energy barrier in between, recrossings between neighboring interfaces are inevitable
owing to the thermal energy. The fluctuation rate is then expressed as [["- P(4;4114;), where P(4;41]4;)
represents the probability that a trajectory originating from A; reaching A;,., before returning to the basin
initial state. For a large skyrmion-size variation, more interfaces are required to transition from the basin
large-skyrmion to the small-skyrmion state, reducing [T%q P(4;4114;) and, consequently, the fluctuation
rate. We illustrate in Fig. 4(e) that f, increases when decreasing AVy /212, with AVy? /217 reflecting the
skyrmion-size variation. This provides evidence that, in addition to the Upinning and thermal energy kgT,

the entropic effect is also crucial in the noise dynamics of a skyrmion.

We note that the RTN transitions into the 1/f" noise by increasing Ng, [Supplementary Note X
and Supplementary Fig. 13 [52]]. Each skyrmion represents a RTN oscillator. A collection of multiple
skyrmions represents a system that verifies the 1/fY signature arising from a collection of multiple

internal domain-wall hopping oscillators.
E. Thermally induced and current-induced telegraph-like noise in the weak pinning regime

In the weak pinning regime, skyrmions exhibit enhanced mobility as they readily hop between
pinning sites [Fig. 5(a), also see Supplementary Movie 2 and Supplementary Fig. 3 [52]]. In this scenario,
we are unable to detect the electronic noise of a specified skyrmion. In addition to the thermal fluctuation,

the current may also play a significant role in the dynamics.

In this section, we begin with displaying the Sg measured at H, = —3.58 Oe where multiple
skyrmions are stabilized [Supplementary Movie 6] to illustrate the noise signature and underlying physics

[Figs. 5(b) — (e)]. It is observed that skyrmions fit commensurably into the Hall cross at this field.

13



However, this commensurability effect is not observed in the strong and intermediate pinning regimes,

where the skyrmion order is constrained by the pinning sites.
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FIG. 5. Thermally induced and current-induced telegraph-like noise of a skyrmion in the weak pinning regime. (a)
Schematic depiction of the skyrmion dynamics in the weak pinning regime. Skyrmions exhibit enhanced mobility as
they readily hop between pinning sites. Both temperature and current can strongly affect the skyrmion dynamics. (b)
Hall-resistance noise Sg measured at H, = —3.58 Oe where skyrmions are stabilized. The dash-dotted line is a fit to
Eq. (3). The dotted blue and dashed green lines are fits to the lower-frequency and higher-frequency telegraph-like
noise, respectively. (c) Hall-voltage noise Sy measured at various currents. (d), (e) The central frequency f;, (d) and
fu (e) of the lower-frequency and higher-frequency telegraph-like noise as a function of current I. The inset in (d)
presents a semi-logarithmic plot to highlight the low current range. 1 mA current corresponds to the current density
of 1.2 x 101° A/m? flowing in the Ta buffer layer. (f) Hall-resistance noise Sy measured at H, = —4.38 Oe. (g)
relative Hall-resistivity Ap,, variations in time at H, = —4.38 Oe where only a single skyrmion may be nucleated.

Nucleation of a skyrmion leads to an increase in Ap,, which reduces back to zero when the skyrmion propagates out

of the Hall cross. All results are measured at 319.5 K.

We observe two telegraph-like noise signals in Fig. 5(b) which can be well fitted to,
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where AVH_LZ /21% and AVH_HZ /2172 are amplitudes of the lower-frequency and the higher-frequency
telegraph-like signals, respectively. In our classification, we refer to this noise as “telegraph-like noise”
instead of “RTN” because it arises from a collection of multiple internal domain-wall hopping RTN
oscillators, though with a narrow distribution of these oscillators, as elaborated upon below. Notably, we
confirm that the lower-frequency signal originates from the current effect as the central frequency f;,
decreases and approaches zero when the current is decreased to zero [Figs. 5(c) and (d)]. The higher-
frequency signal is dominated by the thermal effect since the central frequency fy approaches a non-zero
value (approximately 2 kHz) in the zero-current limit [Figs. 5(c) and (e)]. We note that the temperature
induced by Joule heating, over the range of currents employed in our study, remain below 1 K
[Supplementary Note X1 and Supplementary Fig. 14 [52]], which is negligible in comparison to the range

of temperatures under our investigation.

When the magnetic field is increased to H, = —4.38 Oe, Hall-resistance measurements in Fig.
5(g) show that only discrete skyrmions are nucleated and annihilated by the current, as evidenced by
distinct spikes. As a result, the lower-frequency RTN is visible, while the higher-frequency signal
dominated by thermal effects is suppressed. These observations suggest that the lower-frequency RTN
arises from the current-induced skyrmion nucleation and annihilation process, which is discussed in

further detail below.

We investigate the origins of the two noise signals by probing Hall-voltage fluctuations over a
smaller Hall cross with dimensions of 5 x 5 um?, where only a single magnetic bubble can be nucleated
and propagate [inset in Fig. 6(a)]. We cannot ascertain whether the magnetic bubbles are topologically
equivalent to skyrmions or not. To avoid any misleading, we refer to them as “magnetic bubbles” rather

than “skyrmions”. However, this distinction does not impact our understanding of the origins of the two
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noise signals. We nucleate a magnetic bubble at defect positions or at sample boundaries. At a small
current (< 0.06 mA), the magnetic bubble domain is elongated and flows continuously through the Hall
cross and only the higher-frequency telegraph-like noise is visible [Fig. 6(a)]. By contrast, a larger current
(= 0.07 mA) induces discrete domain nucleation and propagation, causing the Hall voltage to fluctuate in
time between two discrete states [inset in Fig. 6(b), also see Supplementary Movie 7]. This thereby results
in the additional lower-frequency bump [Figs. 6(a) and (b)]. The power spectrum over a period from 0.15
to 0.22 s of the Hall signal, again, only shows the higher-frequency signal [gray line in Fig. 6(b)]. During
this time, a domain continuously flows through the Hall cross. These results indicate that the lower-
frequency telegraph noise is a result of current-induced bubble domain nucleation and propagation while
the higher-frequency signal most likely arises from thermally dominated domain-wall fluctuations, as it is
visible even with only a single bubble domain propagating through the Hall cross and has not been
observed in the saturated ferromagnetic state. In the weak pinning regime, Upinning €Xhibits a much
narrower distribution. This results in the telegraph-like noise signature [Figs. 5(b) and (c), and Figs. 6(a)
and (b)], in contrast to 1/ noise signature in the strong pinning regime, with the measured frequency fy

being the averaged result over the domain-wall hopping oscillation dynamics.
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FIG. 6. Electronic noise of a bubble domain in a Hall cross with a dimension of 5 x 5 um?. (a) Hall-voltage noise
Sy measured at various currents. The inset shows a p-MOKE image of the Hall cross with a dimension of 5 x 5 um?
where only a single elongated magnetic bubble is nucleated and propagates through the Hall cross. (b) Sy measured

at I = 0.13 mA. The inset shows the Hall-voltage variations in time at / = 0.13 mA. The gray line is the power
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spectral density of the period between 0.15 and 0.22 s of Hall-voltage signals. (c), (d) The central frequency f;, (c)
and fy (d) of the lower-frequency and higher-frequency telegraph-like noise as a function of current I. All results are
measured at 318.3 K. In this configuration, a current of 1 mA corresponds to a current density of 4.8 x 101° A/m?

flowing in the underlying Ta buffer layer.

V. DISCUSSION AND CONCLUSION

Our work has revealed comprehensive electronic noise properties of a single skyrmion.
Distinctive amplitudes and frequency spectra can be mapped out according to the strong, intermediate,
and weak pinning regimes. As summarized in Fig. 2, we detect a noise with a 1/f?Y signature in the strong
pinning regime but a RTN in the intermediate pinning regime, and two telegraph-like signals in the weak
pinning regime. Distinct noise signatures arise from the thermally dominated internal domain-wall
hopping oscillation and/or the current-induced skyrmion nucleation. It is understood that the competition
between the thermal and pinning energies governs the internal domain-wall hopping oscillation dynamics.
Additionally, we reveal that the entropic effect is also significant in determining the dynamics and thereby

the resulting noise signatures.

Our results demonstrate that noise fluctuation can serve as an insightful probe for characterizing
the pinning condition of a skyrmion, with the 1/f7 signature indicating a flatter distribution of oscillators
in the strong pinning regime [Fig. 3(a)]. In contrast, a much narrower distribution leads to telegraph-like

noise in the weak pinning regime.

Furthermore, our research has implications for applications that either require reliable electrical
detection or utilize the inherent noise of a skyrmion. A comprehensive noise picture of a skyrmion can
guide the fabrication of low-noise and reliable skyrmion-based devices. In the strong and intermediate
pinning regimes, the skyrmion exhibits high thermal stability, but pinning effects impede its efficient
manipulation. In contrast, a skyrmion can be efficiently manipulated in the weak pinning regime,

although its thermal stability is reduced. We note that even a small current of 6.1 x 10° A/m? may cause
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the unwanted nucleation of a skyrmion [Figs. 5(f) and (g)], which may impose a current limit for
applications. Alternatively, artificial pinning centers may be used to guide a skyrmion along a desirable
path and position it at a fixed location for detection. In this way, artificial pinning centers can help to
achieve the trade-off between energy efficiency and thermal stability necessary for applications. Noise

fluctuation can also be an insightful probe for characterizing skyrmion interactions with artificial pinning.

Additionally, our noise study of a skyrmion may also be key to understanding the noise dynamics
of other structures such as superconducting vortices [10] and charge density waves [23] that exhibit
similar behaviors [Supplementary Note XII [52]]. A complete picture connecting the noise and the

dynamics of these condensed matter states remains elusive and demands further exploration.
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