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The switching of conventional magnetization states is a cornerstone of
modern spintronics, enabling control over binary (‘0’and ‘') information
bits. Although the coherent control of helicity switching in topological spin
configurationsis promising for applications such as high-speed multistate
memory and neuromorphic and probabilistic computing, realizing it has
been challenging. This difficulty stems from the requirement for coherent
spin precession while maintaining the intrinsic topology of the spin
configurations, whichis usually disrupted by conventional excitations. Here
we report an experimental realization of coherent helicity toggle switching
innanoscale magnetic vortices occurring on timescales of several hundred
picoseconds. This switching behaviour is driven by femtosecond laser

pulse excitation under an out-of-plane magnetic field. The mechanism s
governed by ultrafast photothermal demagnetization and coherent spin
precessionin the subsequent remagnetization process, during which the
intrinsic topology and symmetry of the vortex are preserved. Crucially, the
helicity switching dynamics can be tuned precisely using the laser fluence
and magnetic field strength, enabling deterministic to stochastic control
over the two energy-degenerate helicity states. This control was reproduced
in micromagnetic simulations when the parameters were optimized within a
physically reasonable range.

Magnetization switching is central to the operation of modern spin-
tronicdevices, enabling binary information storage and logical opera-
tions by encoding information bits ‘0’ and ‘1’ through the alignment
of collinear magnetization'. However, the manipulation of emergent
non-collinear topological spin configurations, such as nanoscale
magnetic vortices and skyrmions, has attracted substantial interest
as a promising avenue for next-generation information processing
technology. This emerging field leverages the unique inherent topo-
logical degrees of freedom* ', including topological charge, helicity
and polarity"?, which offer the potential for multistate memory

storage' via complex spatial topologies'*'*", helicity-selective reso-
nances in spin torque oscillators™ and polarity tunability in magnetic
tunnel junctions'®, Topological spin helicity has recently garnered
attention due to its promising potential in encoding information'*"**°,
performing neuromorphic*-* and probabilistic computing??** and
even quantum logic operation®?® by manipulating the coherent
switching of helicity between the two energy-degenerate states with
helicity n = Crt/2 in topological spin configurations, where C=+1and
C=-1represent the counterclockwise (CCW) and clockwise (CW)
swirling directions of the in-plane magnetic moment, respectively.
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Helicity switching in topological spin configurations has been
intensively explored via electric current®?®, magnetic®*, electric**
and strain® fields. However, these traditional methods usually disrupt
theintrinsictopology of the spin configurations during the switching;
that is, they break the energy degeneracy of the two helicity states,
resulting in incoherent manipulations with long switching times
and low controllability. Recently, ultrafast optical excitation has
been used for rapid writing/erasing of magnetic skyrmions in the
presence of magnetic fields***” and the fast generation of magnetic
vortices®® through the optical quench effect, where the transient
temperatures of the systems exceed the Curie temperature (T¢) and the
spin relaxation dynamics are incoherent, leading to random helicity
of the final vortices®. Controllable optical switching of collinear
magnetizations has also been realized recently through modifica-
tions of the anisotropy field*°*2. Nevertheless, controllable coherent
switching of the helicity in topological spin configurations* remains
difficult. The challenge liesin achieving globally coherent spin preces-
sionwhile maintaining theintrinsic topology of the spin configurations.

In this article we demonstrate controllable coherent helicity
toggle switching between the CCW and CW states of a magnetic
vortex by Lorentz electron microscopy imaging, which is driven by a
single-shot femtosecond laser pulse with a moderate intensity in the
presence of an out-of-plane magnetic field while the transient tempera-
ture of the system remains below 7.. Combined dynamical simulations
and time-resolved magneto-optical Kerr effect measurementsindicate
that the coherent helicity switching probably occurs within -270 ps.
The coherent switching behaviour is precisely tunable with respect
tothelaser fluence and the magnetic field strength. Our results reveal
that such non-trivial switching dynamics are governed by ultrafast
photothermal demagnetization and coherent spin precession in the
subsequent remagnetization process.

Theoretical feasibility of coherent toggle
switching of vortex helicity

We first performed a theoretical analysis of the magnetic vortex
state in Nig,Fe,, permalloy (Py) nanodisks to evaluate the feasibility
of achieving coherent helicity toggle switching. Figure 1aillustrates
the spin texture of a simulated magnetic vortex state in which the
spin transitions continuously from a circular in-plane helicity flux
at the periphery to an out-of-plane polarity core at the centre. Con-
sidering its circular symmetry, the reduced magnetization m of the
vortex in the disk plane r(x, p) can be described by the polar angle
6(x, p) and the azimuthal angle ¢(x, p) as:

my +im, = e? sin 6, m, = cos 1)
g
oX.p)=qx+ CE ()

where p and y are the radial coordinate and the polar angle of r,
respectively, @ determines the polarity p = +1and ¢ determines the
vorticity number g (+1 for a vortex and -1 for an antivortex) and
thehelicity angle Cri/2 (C= +1foraCCWvortexand C=-1foraCW vortex;
Supplementary Video 1). Any arbitrary vortex state [¢.) can then
be mapped onto a point in the Bloch sphere representation (Fig. 1b):

[Pc) = cos<g>|0>+e""’ sin(%)ﬂ) 3)

where |0) and |1) represent up and down spin polarization states,
while |i+) (red) and |i-) (blue) denote CCW and CW vortices, and |+)
and |-) correspond to divergent (C=0) and convergent (C=2) spin
configurations, respectively (Fig. 1c). Figure 1d shows a projected
energy map of the vortex states on the Bloch sphere, which demon-
strates that the two energy-degenerate helicity states |¢,,) are separated

byatopological energy barrier (E,) (Fig. 1e). Our calculations show that
the maximum value E, (in the longitudinal direction) and minimum
value E, (in the latitudinal direction) are 26.61 and 3.15 keV, respec-
tively, far exceeding the energy scale of gigahertz microwave photons
that match the eigenfrequency of vortex excitation. Therefore, tradi-
tional pulsed magnetic field and spin current excitations can only drive
low-frequency (sub-gigahertz) gyration of the vortex core to achieve
polarity or helicity switching in an incoherent manner by disrupting
the vortex core® 23544748,

Ultrafast photothermal demagnetization provides a promising
approach forachieving high-frequency spin precession**°. Following
femtosecond photoexcitation, the thermalization of electrons results
in an immediate reduction in the spontaneous magnetization M,(T)
and a subsequent picosecond spin reorientation that rephases the
magnetic orders until the magnetization aligns parallel to the effective
field H. H.¢is the sum of the external field Hand the shape-anisotropic
demagnetization field (Hy = -41tM). Both Hand M are crucial for induc-
ing effective spin precession around the temporally evolving H.in
the subsequent remagnetization process. This dynamic process is
accompanied by lattice heating and follows cooling over periods
of hundreds of picoseconds to a few nanoseconds until the system
reaches equilibrium, as shown by previous time-resolved Lorentz
electronimaging results®. We calculated projected energy maps of the
vortex states by varying these two parameters (Fig. 1f,g). Our results
show that, with increasing H, the two helicity states |¢.,) transform
gradually from the barriered |i+) states to the unbarriered |0) state
along the longitudinal direction (Fig. 1f,h). A decrease in M, leads to
comparable transformations (Fig. 1g,i). In this way, the topological
energy barriers E,, can be smoothed temporarily, enabling coherent
helicity toggle switching.

Experimental realization of coherent toggle
switching of vortex helicity
We observed magnetic vortex variations in a Py disk with a diameter
of 1 pm under femtosecond laser pulse excitation (with a fluence of
19.5 mJ cm™) under different out-of-plane magnetic fields (-300
to 300 mT) using a transmission electron microscope (Fig. 2a and
Methods). The CCW and CW vortices exhibit reversed white or black
contrastin Fresnel images, allowing the magnetic induction field of a
vortex to be reconstructed using the transport of intensity equation
(rightdiagramin Fig. 2a and Methods) and enabling helicity switching
behaviours to be distinguished. To ensure reproducibility, we per-
formed 100 repetitions of the femtosecond laser pulse excitation at
each magnetic field strength. In zero field, no helicity switching was
observed, indicating that the transient spin temperature remained
below the 7. of Py (-800 K) (left plot in Fig. 2a and Supplementary
Note 1), as otherwise the random appearance of a single-vortex or
multiple-vortex state would occur®. The spin temperature evolution
was further verified by three-temperature model (3TM) calculations
(inset in Fig. 2a and Methods)*****3, With increasing magnetic field,
we observed a transition from single-core vortices to multi-core vor-
tices (C=0), followed by reversible switchingbetween C=+land C=-1
vortex states. To illustrate the magnetic-field-dependent switching
behaviour, we calculated the absolute values of the helicity difference
|6Cl for the observed switching behaviours by comparing two adjacent
vortex states before and after laser pulse excitation under different
field strengths. These values were plotted as agreyscale map in Fig. 2b,
where the white areas (|6C| = 2) represent areversal of the vortex helic-
ity, the grey regions (|6C| =1) indicate atransition between single-core
and multiple-core vortices, and the black areas (|6C| = 0) signify no
changesinthe vortex helicity. The results demonstrate three types of
switching behaviours (|6C| = 2,1, 0) that vary with the magnetic field.
We further analysed the three types of switching behaviours at
specific magnetic fields (H = 87,99 and 131 mT) that correspond to
their first appearances (dashed lines in Figs. 2c-e) and present the
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Fig.1|Blochsphere representation of vortex states in a magnetic disk

and corresponding energy maps. a, Vortex spin configurationin a confined
magnetic disk, represented in cylindrical coordinates (e, €,, €,). The reduced
magnetization mat position r(x, p) is indicated by the grey arrows. b, Vortex pole
states in the Bloch sphere representation. The black arrow indicates the space-
averaged magnetizationm(m,, m,, m,) corresponding to vortex state |¢c) with
vortex helicity C. The green longitude and red latitude lines denote spin rotations
about the e, and e, axes. ¢, Schematic representations of the spin configurations

of vortex pole states. d, Energy map of vortex pole states in zero field. The blue
and yellow areas indicate energy minima and maxima, respectively. e, Energy
levels of vortex pole states in the longitudinal and latitudinal directions of the
Bloch sphere.f,g, Energy evolution as a function of the out-of-plane magnetic
field H (f) and spontaneous magnetization M, (g). The black arrow between fand
gindicates that the M,-dependent series in g is taken at the selected field value H
=377 mT fromf. h,i, Topological energy barriers plotted as a function of H (h) and
M (i) (arb. units, arbitrary units).

typical Fresnel images in Fig. 2f-h (Supplementary Note 2). At 87 mT,
the vortex helicity switched reversibly between |¢,,) states (Fig. 2f
(top) and the left panel of Supplementary Video 2) after each laser
pulse excitation, exhibiting a toggle switching characteristic with
a switching probability that approached 100% (Fig. 2f (bottom). At
99 mT, the three types of switching behaviour occurred stochasti-
cally, with the probabilities of helicity switching and non-switching
approaching ~40% and the probability of multi-core vortices being
~20% (Fig. 2g (bottom), Supplementary Fig. 3 and the middle panel
of Supplementary Video 2). A further increasein Hto 131 mT, however,
resulted in no helicity switching (Fig. 2h (bottom) and right panel
of Supplementary Video 2). This alternative transformation indi-
cates the high magnetic-field tunability of the laser-induced helicity
switching. Moreover, theindependence of both laser polarization and
field direction exclude a possible dominant contribution from the
inverse Faraday effect™ or inverse Cotton-Mouton effect®, suggesting
that photothermal demagnetization plays a crucial role.

Dynamical model of helicity switching processes

To understand the underlying mechanism, we simulated the spatio-
temporal evolution of the vortex states |¢.) by incorporating
3TM scaling with photothermal demagnetization into the Landau-
Lifshitz-Gilbert equation (Methods and Supplementary Note 1).
As shown in the left panel of Fig. 3a, the initial direction of M (for
example, CW vortex state |[¢_,), indicated by the blue arrow) is taken

along the direction of H (indicated by the blue dashed line). During
demagnetization, the rapid decrease in spontaneous magnetization
M(t)/M,=3.5% at 19.5 m) cm™) results in a sudden drop in Hy and
thus areorientation of H (light blue dashed line in the right panel of
Fig.3a). Asthe demagnetization process (on femtosecond timescales)
is much faster than the spin precession period (tens to hundreds of
picoseconds), Mis unable to follow H. and begins to precess around
the temporally evolving H. With an angular velocity of w = yH, ¢ (right
panel of Fig. 3a), where y is the gyromagnetic ratio. In the subsequent
remagnetization, H.sevolves with the M precessing around it until the
system reaches equilibrium (red arrows in the right panel of Fig. 3a).
Using this model, our numerical simulations reproduced the three
observed types of helicity switching behaviour with increasing mag-
netic field, as illustrated by the colour transformations between blue
(CWvortexstate|¢p_;)) and red (CCW vortex state [¢),,)) regionsin Fig. 3b.
To obtain deeper insight into the microscopic dynamics of the three
types of helicity switching behaviour (|6C| =2, 1and 0), we analysed
their spatiotemporal spin helicity evolution and trajectories of the vor-
tex states onthe projected energy map of the Bloch sphere (Fig. 3c-e).
At88 mT, following demagnetization theinitial CW vortex statelocated
attheleftenergy minimum point|¢_;) of the Bloch sphere shifts to the
|0) state, initiating a right-handed helix rotation of the vortex state
(white trace in the right panel of Fig. 3¢) towards a new energy mini-
mum point (0-0.05 ns, right panel of Fig. 3c). During the subsequent
remagnetization (0.05-0.80 ns), the energy minimum point gradually
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Fig. 2| Magnetic-field-dependent vortex helicity switching under single-shot
femtosecond laser pulse excitation. a, Left: calculated time evolution of the spin
temperature T,below T with an excitation laser fluence of 19.5 mJ cm™. Centre:
Fresnel images showing white-core (C = +1), black-core (C = -1) and multi-core
vortices (C= 0). Right: reconstructed magnetic induction maps of CCW (C = +1)
and CW (C=-1) vortex spin configurations. The inset shows a schematic diagram
of Lorentzimaging of a magnetic vortex in a Py disk during in situ femtosecond
laser excitation ina custom-built transmission electron microscope. b, Helicity
switching behaviours of vortex states |5C| in varying magnetic fields over 100
successive laser pulse excitations. c-e, Probabilities of three field-dependent
helicity switching behaviours: |8C| =2 (c), |6C| =1(d) and |6C| = O (e). Data are

presented as the probabilities of different types of helicity switching (dots)

and the dashed lines indicate the typical behaviours. The error bars represent
two-sided 95% confidence intervals estimated using the normal approximation
to the binomial distribution. Each data point was obtained from 100 repeated
single-shot femtosecond laser excitations (n =100) applied to the magnetic
vortex. The solid line serves as a guideline, with the shaded area indicating the
regionit encloses. f-h, Top: vortex helicities over 100 repetitive laser pulse
excitation steps n for three magnetic field strengths: 87 mT (f), 99 mT (g) and
131 mT (h). Bottom: corresponding probability distributions of the helicity
switching for different |5C]| states. Right: representative Fresnel images.

splits into two energy-degenerate points (|¢_;) and |¢.,)), which both
shift downwards along the longitudinal direction, eventually crossing
and trapping the trajectory at another energy minimum point [¢,,) at
~0.2 ns. At this point, vortex helicity switching occurs, determining
the final helicity of the vortex state in the following relaxation process
(left panel of Fig. 3c). The temporal evolutions of the space-averaged
magnetization components m(m,, m,, m,) always remainin phase, with
little change in the modulus |m| (Fig. 3f and Supplementary Fig. 4a).
This indicates coherent spin precession during the helicity switching
(Supplementary Fig.4aand left panel of Supplementary Video 3), which
means that all of the spins undergo synchronized precession around
their time-evolving H.

For the random helicity switching at 100 mT (Fig. 3d), the rota-
tion of the vortex state on the Bloch sphere (white trace in Fig. 3d and
Supplementary Fig.4b) accelerates due to theincreased w, preventing
its trajectory from being trapped by the energy minimum point [¢.,)
during remagnetization (0.05-0.80 ns). Instead, the faster rotation
drives the vortex state to a TCP at ~0.80 ns (right panel of Fig. 3d), the
saddle point between the two split energy minimum points. At this
point, the system exhibits adivergent spin configuration and the coher-
ence ofthe dynamicsis disrupted (Fig. 3g and Supplementary Fig. 4b).
In the subsequent remagnetization, numerous vortex—-antivortex
defects emerge, dance and annihilate at the edge, resulting in a final

spin configuration that settles randomly into a CW vortex,a CCW vor-
tex or multi-vortex states (middle panel of Supplementary Video 3).
At a higher field of 126 mT, the faster rotation of the vortex state
(white trace in Fig. 3e and Supplementary Fig. 4c) allows it to bypass
the TCP. The trajectory encircles the Bloch sphere and is recaptured
by the CW energy minimum point |¢_,) at ~0.4 ns, with the helicity
returning (Fig. 3e and right panel of Supplementary Video 3) in a
coherent manner (Fig. 3h and Supplementary Fig. 4c). A criterion for
identifying topological critical fluctuations during the energy evolu-
tion of vortex states on the Bloch sphere can therefore be established,
and can be scaled by Im| and its partial component m,, (Fig. 3i). The
coherent nature and picosecond timescale of the coherent helicity
non-switching in Fig. 3e were further confirmed by measurements
of the time-resolved magneto-optical Kerr effect, which suggest that
the helicity probably finishes the switching process within ~270 ps
(Supplementary Fig. 5, Supplementary Note 4 and Methods).

Laser-fluence-dependent vortex helicity
switching behaviour

We performed measurements on vortices at two lower laser fluences
(17.7and 15.0 m) cm™). Similar to values obtained under the high fluence
(19.5 m) cm%; top panel of Fig. 4a), the values of (|8C|) also exhibit alter-
nating peaks withincreasing H (middle and bottom plotsin Fig.4aand
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Fig. 3| Dynamical model and micromagnetic simulations of field-dependent
vortex helicity switching. a, Schematic diagrams of laser-induced vortex helicity
switching under an out-of-plane magnetic field. Left: ground state (|¢.,) or [¢_,)),
with red and blue arrows corresponding to a CCW vortex |¢,;) and a CW vortex
|_,), respectively. The dashed lines indicate H.. Right: laser-excited state, with
the coloured curve showing spin precession around H.¢ from [ ;) to [¢.,).

b, Simulated time evolution of Cunder varying magnetic fields with a fluence of
19.5mJ cm™. For H< 60 mT, there s no helicity switching (|5C| = 0). For H between
60 and 88 mT, helicity reversal (|6C| = 2) occurs at 170-300 ps, resulting in the
final CCW state. For Hbetween 100 and 110 mT, the single-core vortex changes

to multi-core vortices (|6C| =1). For Hbetween 113 and 138 mT, the CW helicity
first reverses to CCW at 105-130 ps and then returns to CW at 300-480 ps,
ultimately relaxing to the initial CW state (|6C| = 0). When Hincreases further,

the three types of helicity switching occur alternately, depending on the number
of intermediate reversals. c-e, Representative helicity switching processes

under typical magnetic fields of H=88 mT (c), 100 mT (d) and 126 mT (e) with
afluence of19.5 mJ cm™ Left: snapshots of the vortex helicity (blue/red) and

m, (height) distributions during switching. Right: temporal evolution of the
projected energy mapsin aBloch sphere representation, with the corresponding
trajectories (white traces) of the vortex states shown on the left. Blue and
yellow correspond to energy minima and maxima, respectively. The white

star in d marks the topological critical point (TCP), at which phase diffusion
occurs. f-h, Time evolution of the space-averaged magnetizationm(m,, m,,

m,) under magnetic fields of H=88 mT (f), 100 mT (g) and 126 mT (h). The error
barsrepresent the standard deviation of the spatially averaged magnetization
components calculated over all discretized simulation cells within the disk.

i, Schematic diagram of topological critical behaviour during vortex helicity
switching. The TCP signifies dephasing of the vortex state, which dropsinto the
inner space of the Bloch sphere, accompanied by dramatic topological critical
fluctuations and the random formation of topological defects.

Supplementary Fig. 6). The critical magnetic fields (the peak positions
of (|6Cly = 2) for coherent helicity switching shift to higher values as
the fluence decreased (red arrow in Fig. 4a). To understand this behav-
iour, we performed numerical simulations of the phase diagram of |6C|
values for laser fluences ranging from 14.5 t0 19.5 mJ cm™ (Fig. 4b and
Supplementary Note 6), which closely reproduced the experimental
results (Fig. 4a). Thus, the helicity switching behaviour can also be
tuned by adjusting the laser fluence without changing the magnetic

field and the final helicity of the vortex state is determined by the
number [ of intermediate helicity reversals. For example, at 163 mT,
the helicity reverses once (/=1) at 14.5 mJ cm?, resulting in coherent
helicity switching (/;in Fig. 4b and left panel of Supplementary Video 4).
It reverses twice (/=2) and three times (/=3) at16.3 and 19.5m) cm™,
leading to coherent helicity non-switching (/,in Fig. 4b and the middle
panel of Supplementary Video 4) and coherent helicity switching (/;in
Fig. 4b and the right panel of Supplementary Video 4), respectively.
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Fig. 4 |Laser-fluence-dependent vortex helicity switching behaviour.

a, Experimental observations of laser-fluence-dependent vortex helicity
switching behaviour. The blue line indicates the expected values of (|56Cl)
under fluences 0f19.5,17.7 and 15.0 mJ cm 2 (top to bottom). The red dashed
arrow indicates a shift in the magnetic field required for helicity switching with
decreasing laser fluence.The error bars indicate two-sided 95% confidence
intervals, estimated using the normal approximation to the binomial distribution.
b, Simulated vortex helicity switching behaviour (|8Cl) as a function of laser
fluence and magnetic field strength. The coherent toggle switching behaviours
(I16C1 =2, represented by alternating white regions) shift continuously to higher
Hwith decreasing laser fluence. The red dashed arrow indicates a magnetic
field shift for helicity switching compared with thatin a. The cyan dashed arrow
indicates laser-fluence-tuned helicity reversal once (/; =14.5 mJ cm™), twice
(/,=16.3 mJ cm™) and three times (/; =19.5 m) cm™) under a fixed magnetic field
(H=163 mT). c, Calculated photothermal demagnetization curves M,(t)/M, for

laser fluences of between 14.5 and 19.5 mJ cm™. d, Representative trajectories of
vortex states (white traces, 0-2.00 ns) on a projected energy map of the Bloch
sphere, showing changes in helicity angle §Cm/2 of r, 2 and 3t for fluences /,,
J,and/;. e, Energy evolution of the vortex state with changes in helicity angle
8Cm/2, illustrating the energy crossover between E,, of the vortex state and £,.
f-h, Calculated energy crossover (Ey, < E,) within the time window (dashed
box) that permits helicity switching for laser fluences of 14.5 (f),16.3 (g) and
19.5mJ cm(h) at H=163 mT. Top: calculated time-dependent E,, of the vortex
state and E,,,. The hatched shaded areas indicate the energy crossover region
(Ey, < E,). Bottom: corresponding time evolution of vortex helicity after laser
pulse excitation. The error bars represent the standard deviation of the spatially
averaged magnetization components calculated over all discretized simulation
cells within the disk, indicated by the grey envelopes. The coloured shading areas
represent different helicity regions, with blue indicating CW helicity and red
indicating CCW helicity.

This laser-fluence dependence is dominated by the demagneti-
zation process that reshapes the time evolution of the projected
energy map of the vortex state on the Bloch sphere. The 3TM calcula-
tions indicate that the transient minimum spontaneous magnetization
(M(t)/M,) on photoexcitation ranges from 25% to 3.5% as the fluence
increases from 14.5 t0 19.5 mj cm (Fig. 4c and Methods). The corres-
ponding vortex state trajectories with helicity angles rotated by m,
2mand 3m for photoexcitation at/; (14.5mJ) cm™),/,(16.3 mJ cm™) and
J5(19.5mJ cm™) at H=163 mT (Fig. 4b) are plotted in Fig. 4d (Supple-
mentary Note 7). The rotation processes can be schematically illus-
trated by comparing the energy evolution of the excited vortex state
with the changesinits helicity angle (Fig. 4e and Supplementary Note
8). Following demagnetization, the transiently excited energy £, of
theinitial CW vortex state increases with the laser fluence and exceeds
E.,, initiating a right-handed helix rotation of the vortex state on
the Bloch sphere with increasing the helicity angle. During remag-
netization, the helix rotation with higher £, overcomes £, at larger
fractional changes of the helicity angle (§Cn/2 =1t/2, 31/2 or 51/2).

As the damping effect drives E., to below E,,, it finally converges at
an energy minimum point with aninteger change in the helicity angle
(6€m/2 =1, 2mor 3m) for the ultimate vortex state.

To verify the energy evolution during the helix rotation, we calcu-
lated the time-dependent E,, and E, for different excitation fluences
(/;to/;) at163 mT (Fig. 4f-h). For the single helicity reversal at/,, ultra-
fast demagnetization (M,(¢)/M,=25%) results in an energy crossover
(Ey < E.,) within atime window of -50 ps, whichreduces E,;; temporarily
to 0.02 and raises E,, to 0.12 (dashed areas in the top panel of Fig. 4f).
Before E,,;recoverstoanenergy level higher than £, at 55 ps, the trajec-
tory of the vortex state overcomes E, with a t/2-rotated helicity angle
and is trapped by another energy minimum point (|¢,;)), completing
the coherent helicity switching (bottom panel of Fig. 4f and Supplemen-
tary Notes 7 and 8). For the two helicity reversals at/,, photothermal
demagnetization (M (¢)/M,=14%) reduces E, sufficiently and excites
E., t00.54, where the energy crossover (E, < E,,) persists for atime win-
dowof ~230 psand allows the trajectory of the vortex state to approach
a3m/2-rotated helicity angle, leading to coherent helicity non-switching

Nature Nanotechnology | Volume 21| May 2026 | 655-662

660


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-026-02142-z

(Fig.4g and Supplementary Notes 7 and 8). At the higher fluence of /;,
greater photothermal demagnetization (M,(tyM, = 3.5%) results in a
longer time window (-375 ps) for the energy crossover (Ey, < E.,), which
allows three vortex helicity reversals, resulting in a final vortex state
with a switched helicity (Fig. 4h and Supplementary Notes 7 and 8).

Conclusions

In conclusion, we demonstrate picosecond-scale coherent toggle
switching ofthe topological spin helicity insymmetric Py disks with high
robustness and tunability with out-of-plane-magnetic-field-assisted
femtosecond laser pulse excitation. The coherent helicity toggle
switching occurs when either the magnetic field or the laser fluence are
increased. Theoretical simulations reveal that the switching mechanism
isbased on transient reshaping of the projected energy landscape on
the Bloch sphere induced by photothermal demagnetization, which
drives the vortex state to undergo coherent magnetization preces-
sion in the subsequent remagnetization. This mechanism should be
applicable to other topological swirling spin textures, such as Bloch-
type skyrmions with energy-degenerate helicity states. It has been
theoretically proposed that coherently controllable helicity switch-
ing of topological swirling spin configurations has the potential to
mimic qubit operation by encoding the superposition state (|¢.)) of the
two energy-degenerate CW (|i-)) and CCW (|i+)) helicity states on
the Bloch sphere*?%¢, Our findings may provide a route to these
applications at room temperature (Supplementary Note 9).

Online content

Any methods, additional references, Nature Portfolio reporting
summaries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author
contributions and competing interests; and statements of data
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Methods

Projected energy map of the vortex state on the Bloch sphere
The point |¢.) of the vortex state on the Bloch sphere is defined by 8
and @ in cylindrical coordinates (e, e,, e,) with rotational symmetry.
To calculate the projected energy map of the vortex state on the Bloch
sphere, we relaxed the field-polarized vortex states |,) from |i+) to |+)
along the longitudinal direction and then continuously rotated the
helicity angleto obtainarbitrary |¢.) vortex states along the latitudinal
direction. The coordinates of the energy map were transformed using
a Mollweide projection. The colour scale represents the free energy,
which is normalized by dividing by poM2V,,, where V, is the volume
of the mesh size.

Insitu Lorentz imaging of magnetic vortices in Py disks
Symmetric Py disks (30 nm thickand 1 pmin diameter) were prepared
by magnetron sputtering onto a Si;N, membrane (50 nm thick with
a 500 pm x 500 pum window area on a Si frame) with pre-patterned
symmetric circles using electron-beam lithography followed by a
lift-off process. Lorentz imaging of vortices in a symmetric Py disk
was carried out in a custom-built transmission electron microscope
(FEI Talos F200i) using an overfocus imaging mode (d = +3 mm) with
a continuous electron beam at 200 kV. Magnetic induction maps of
CCW and CW vortex spin configurations were obtained using the
transport of intensity equation, and two defocused Lorentz images
(1.5 mm) were used for the reconstruction. Linearly polarized
single-shot femtosecond laser pulses (515 nm wavelength, ~120 um
spot size, 300 fs pulse duration) were generated by using a combina-
tion of an infrared femtosecond laser source (1,030 nm wavelength,
Spirit 1030-100 manufactured by Spectra-Physics), second-harmonic
generation (nonlinear crystal 3-BaB,0, to produce 515 nmlaser pulses)
and a digital delay generator (Stanford research system DG645) for
an external trigger of the femtosecond laser source at a frequency
of 0.5 Hz. The resulting 2 s interval between successive laser pulses
ensured that the magnetic vortex reached thermal equilibrium after
eachstep of laser pulse excitation. For each laser fluence and magnetic
field, more than 100 Lorentz images were captured to record occur-
rences of white cores (C= +1), black cores (C = -1) and multi-core vorti-
ces(C=0).Theprobabilities and confidence intervals of the three types
of switching behaviour (|6C| = 2,1, 0) were calculated using abinomial
distribution. The parameters used to calculate the laser fluence are
listed in Supplementary Note 10.

Time-resolved magneto-optical Kerr effect measurements on
magnetic vortices in Py disks

The time-resolved magneto-optical Kerr effect measurements were
performed using a two-colour femtosecond laser system (Supple-
mentary Fig. 5a). Both the pump (700 nm) and probe (1,030 nm)
pulses were derived from a common femtosecond laser source
(Spirit-100, Spectra-Physics) operating at arepetition rate of 100 kHz.
The fundamental 1,030 nm femtosecond pulses with a pulse dura-
tion of ~300 fs served directly as the probe. The 700 nm femtosec-
ond pump pulses with a pulse duration of -30 fs were generated
using a non-collinear optical parametric amplifier (Spirit-NOPA
2H, Spectra-Physics). These two laser beams were focused onto the
sample atanormalincidence configuration through a x50 objective
lens (LMPLFLN50X, Olympus), yielding a spot size of ~2 pmin diam-
eter. Thereflected probe beam was then guided to pass a filter that
blocks the reflection of pump, then a half-wave plate and a Wollaston
prism before being collected by abalanced detector (PDB220A2/M,
Thorlabs). Alock-inamplifier (MFLI5 MHz, Zurich Instruments) was
used to process data with high signal-to-noise ratios. The time delay
between the pump and probe pulses was controlled by amechanical
translation stage (DDS600-E, Thorlabs). The sample was mounted
in the chamber of a magnet optical cryostat (OptiCool, Quantum
Design), and an external magnetic field of ~130 mT was applied

perpendicular to the sample plane, parallel to theincident laser beam.
The fluences of the probe and pump beams were set to ~1.4 mJ cm™
and -19.5 mJ cm, respectively.

Laser-induced dynamical micromagnetic simulations

Based on the finite difference method and a Runge-Kutta solver
with adaptive time-step control’’, we developed a laser-induced
dynamical micromagnetic simulation code by incorporating a 3TM
scaling with photothermal demagnetization into the Landau-Lif-
shitz-Gilbert equation:

dm __ Vv
dt = 1+

a
(m x heg) — I—V

— [m X (m x heg)] 4)

where m = M/M, represents the reduced magnetization, tis time in
units of (yM;)™, ais the Gilbert damping coefficient and h;= H.x/M,
is the normalized effective field obtained by taking the variational
derivative -6¢/6m of the normalized free energy:

-

where Ais the exchange stiffness, i, is the vacuum permeability, h,.isthe
external magnetic field, hgemag(i.j, k) = 3, , KU m,m)m(i — L,j — m, k — n)
is the magnetostatic field calculated using a GPU-accelerated fast
Fourier transform and the convolution theorem, and K(,m,n) is the
demagnetization tensor®. The magnetic parameters for the Py
disk (30 nm thick, 1 um diameter) are as follows: A=13 pJ m~,
M,=800kA m™,a=0.04and meshsizen, xn,xn,=5%5x5nm’.

To integrate laser-induced photothermal demagnetization into
the micromagnetic simulation, we used the semi-classical 3TM***° to
simulate the time-dependent temperature evolution of the electron
(T.),spin (T,) and lattice (T;) systems:

A
HoM?

1
(Ym)* - 5™+ Bemag — M « ey | dv (5)

Ce(Te) ddCe = —Uel (Te - Tl) - Ges(Te - Ts) +P(t) (6)

Cs (Ts) % = _Ges (Ts - Te) - Gsl (Ts - T]) (7)
dT

G d_tl ==Ge (T = Te) = G (T1 = Ty) (8

where C,, C,, and C, are the electron, spin and lattice heat capacity
constants and G, G, and G, are the electron-lattice, electron-spin
and spin-lattice coupling constants (Supplementary Note 1). The
parameters for Py used in the 3TM were reasonable, selected from
within literature-reported ranges®*°"*? such that the maximum spin
temperature in the 3TM simulations remains close to, but does not
exceed, the Curie temperature (see Supplementary Note 1 for details).
The thermal boundary condition for the sample wasimplemented by
considering the silicon nitride substrate as a thermal reservoir at a
fixed temperature of 300 K. This treatment is physically reasonable,
given that the dimensions of the silicon nitride substrate substantially
exceed those of the Py disk, thus approximating an ideal heat sink.
Considering that the laser pulse excitation in this experiment was
well below the Curie temperature, the time-dependent spin tem-
perature T (¢t) can be scaled linearly using the experimentally deter-
mined M,(T) curves for Py (Supplementary Note 1). This approach
allows time-dependent photothermal demagnetization M,(¢) curves
tobe obtained without the need toinclude atemperature-dependent
stochastic thermal fluctuating field acting on the atomistic local
spin moment®. In this way, laser-induced dynamical micromagnetic
simulations are achieved by incorporating M(¢) into the Landau-
Lifshitz-Gilbert equation.
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