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CONDENSED MATTER PHYSICS

Optical manipulation of magnetic vortices visualized
in situ by Lorentz electron microscopy

Xuewen Fu'#, Shawn D. Pollard?, Bin Chen?, Byung-Kuk Yoo*, Hyunsoo Yang?, Yimei Zhu'*

Understanding the fundamental dynamics of topological vortex and antivortex naturally formed in microscale/
nanoscale ferromagnetic building blocks under external perturbations is crucial to magnetic vortex-based infor-
mation processing and spintronic devices. All previous studies have focused on magnetic vortex—core switching
via external magnetic fields, spin-polarized currents, or spin waves, which have largely prohibited the investiga-
tion of novel spin configurations that could emerge from the ground states in ferromagnetic disks and their un-
derlying dynamics. We report in situ visualization of femtosecond laser quenching-induced magnetic vortex
changes in various symmetric ferromagnetic Permalloy disks by using Lorentz phase imaging of four-dimensional
electron microscopy that enables in situ laser excitation. Besides the switching of magnetic vortex chirality and
polarity, we observed with distinct occurrence frequencies a plenitude of complex magnetic structures that have
never been observed by magnetic field- or current-assisted switching. These complex magnetic structures consist
of a number of newly created topological magnetic defects (vortex and antivortex) strictly conserving the topo-
logical winding number, demonstrating the direct impact of topological invariants on magnetization dynamics in
ferromagnetic disks. Their spin configurations show mirror or rotation symmetry due to the geometrical confine-
ment of the disks. Combined micromagnetic simulations with the experimental observations reveal the underly-
ing magnetization dynamics and formation mechanism of the optical quenching-induced complex magnetic
structures. Their distinct occurrence rates are pertinent to their formation-growth energetics and pinning effects
at the disk edge. On the basis of these findings, we propose a paradigm of optical quenching-assisted fast switch-
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ing of vortex cores for the control of magnetic vortex-based information recording and spintronic devices.

INTRODUCTION

A magnetic vortex (1, 2) is one of the fundamental spin configurations
occurring in thin micrometer-/nanometer-sized ferromagnetic disk
elements due to the confinement of spins imposed by geometrical
restrictions (2, 3). It is one kind of topological magnetic defect char-
acterized by two degrees of freedom (4): (i) “chirality” (c = £1), the
in-plane curling magnetization that can be clockwise or counter-
clockwise along the disk circumference; and (ii) “polarity” (p = +1),
the out-of-plane nanometer-sized core magnetization whose direc-
tion is either up or down. This topologically protected magnetic
vortex cannot be continuously transferred into a defect-free state
and is therefore regarded as very robust quasiparticles against ther-
mal fluctuation (5). Such unique properties make the magnetic vortex
a promising candidate for high-density, nonvolatile magnetic memo-
ries and spintronic devices (6, 7) because each magnetic vortex can
store two bits of information by its chirality and polarity (8, 9).

A fundamental understanding of the magnetization dynamics
associated with the precise manipulation of the chirality and polar-
ity of the magnetic vortex in ferromagnetic building blocks is im-
portant for its application in magnetic data storage (8). It is well
known that the topological magnetic vortex in a ferromagnetic disk
can be manipulated by external perturbations, such as pulsed mag-
netic fields (8, 10, 11), alternating magnetic fields (12, 13), spin-
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polarized currents (8, 14-16), and field-driven spin waves (17, 18).
These external stimuli could drive the gyrotropic motion of the vor-
tex core so that its polarization would be switched through the cre-
ation and subsequent annihilation of a magnetic vortex-antivortex
pair (12, 19-21). Nevertheless, because of the gyrotropic motion of
the vortex core before its switching, it is difficult to precisely deter-
mine when the core switching occurs, thus limiting the ultimate
investigation of the core switching dynamics that is important for
designing vortex-based data storage devices. This gyrotropic mo-
tion also intrinsically restricts the speed of the magnetic vortex-
core switching.

Recently, researchers have demonstrated the possibility of ultra-
fast magnetic switching in ferromagnetic thin films via photothermal-
assisted femtosecond laser pulse excitation (22-26), where the single
pulse rapidly heats up the ferromagnetic films close to their
Curie temperatures and reduces the external magnetic field re-
quired for the magnetic reversal. The rapid photothermal effect
of the ultrashort laser pulse excitation could also generate magnetic
defects such as skyrmions in ferromagnetic films (27, 28). In partic-
ular, by using the inverse Faraday effect of circularly polarized
femtosecond laser (29, 30), it is even possible to realize all-optical
magnetization switching in ferromagnetic films (31-35). Researchers
have also theoretically predicted the remarkable reduction of the
required magnetic switching field for a topological magnetic vortex
core at a temperature closely below the Curie point (36) and the
possibility of all-optical switching of a magnetic vortex core (37)
in ferromagnetic disks. This optically associated switching of the
magnetic vortex core does not involve gyrotropic motion and thus
has unique advantages in ultrafast magnetic recording. However,
direct observation of magnetic vortex switching or change in
geometrically confined ferromagnetic disks upon ultrafast laser
quenching is rather challenging. Once achieved, it will provide a
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better fundamental understanding of the effects of topological fea-
tures, magnetization relaxation dynamics, and geometrical confine-
ment on magnetic vortex switching and its underlying mechanisms.

Here, we report the in situ visualization of femtosecond laser
quenching-induced magnetic vortex configurations in symmetric
ferromagnetic Permalloy (Py) disks by Lorentz phase imaging of
four-dimensional electron microscopy (4D EM) that enables in situ
femtosecond laser excitation. Besides the chirality and polarity
switching of the magnetic vortex, we observed a plenitude of com-
plex metastable magnetic structures with distinct occurrence fre-
quencies in the Py disks with a femtosecond laser pulse excitation
above a fluence of 10 mJ/cm?. We designed different symmetric el-
ements, including circular, square, and regularly triangular disks, to
investigate the geometrical confinement effect. The observed mag-
netic structures consist of a number of newly created topological
defects (vortex and antivortex) strictly restricted by the topological
winding number, and their spin configurations show mirror or ro-
tation symmetry owing to the geometrical confinement of the disks.
Micromagnetic simulations reproduce all the observed magnetic
structures, revealing the underlying magnetization dynamics and
the formation mechanisms. On the basis of the results, we propose
a new paradigm of optical quenching-assisted fast vortex core
switching for the control of magnetic vortex-based information
processing and spintronic devices.

RESULTS

Metastable magnetic structures induced by femtosecond
laser pulse

We study the femtosecond laser pulse-induced magnetic switching
in three kinds of symmetric Py (Nig;Fe9) disks, including circle
(diameters of 3 and 1.7 um), square (edge length of 3 um), and reg-
ular triangle (edge length of 1.7 um) (see Materials and Methods).
To resolve the magnetic vortex structures, we record the Fresnel
images using a continuous electron beam of 4D EM in the Lorentz
phase imaging mode (see Fig. 1A and Materials and Methods).
Under out-of-focus conditions of the Lorentz mode, the clockwise
and counterclockwise in-plane circling magnetizations of the mag-
netic vortices exert opposite Lorentz force on the imaging electrons,
resulting in black and white contrasts of the vortex core (38-41), as
schematically shown in Fig. 1B. Upon femtosecond laser pulse ex-
citation, the electronic temperature of the Py disk jumps thou-
sands of kelvin, and the lattice temperature follows at a slower rate
governed by the electron-phonon coupling effect. Then, the Py disk
experiences a fast cooling at a quenching rate of about 10'* K/s (42),
passing through the silicon nitride substrate below (see the inset of
Fig. 1B). Figure 1C presents several typical Fresnel images of the
magnetic structures in the circular, square, and triangular Py disks
before and after femtosecond laser pulse excitation with a fluence of
12 mJ/cm? (see also movies S1 to S3). On the basis of the Lorentz
contrast, the corresponding spin configurations are schematically
depicted in the right panel of each Fresnel image. After each femto-
second laser pulse excitation on the initial single magnetic vortex
in all the three geometrical Py disks, the Lorentz contrast in their
Fresnel images exhibits a high probability to reversal (see the first
three columns in Fig. 1C), implying the switch of the chirality of the
magnetic vortex by the rapid optical quenching. Below a threshold
fluence of about 10 mJ/cm?, a single femtosecond laser pulse exci-
tation is insufficient to induce an observable change of the initial
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magnetic vortex in the Py disks, because the pulse-induced tran-
sient temperature of the Py disk is substantially lower than its Curie
point (~850 K). Note that the observed reversal of the magnetic vor-
tex chirality behaves randomly in the experiment. Besides the ran-
dom reversal of the magnetic vortex chirality, we also observed,
although less frequently, some complex magnetic structures con-
sisting of several newly generated vortices, antivortices, and do-
mains in all the three geometries (see typical ones in the last column
of Fig. 1C), which were never observed by magnetic field- or spin
current-assisted magnetic vortex switching. The magnetic field- or
spin current-assisted switching is caused by the gyrotropic motion
of the vortex core and the subsequent creation and annihilation of
a vortex-antivortex pair (19, 20); however, the laser quenching-
induced switching is due to the rapid photothermal effect, which
will be discussed later. The magnetic antivortex is the topological
counterpart of a magnetic vortex, which also contains a tiny core
magnetized perpendicularly to the plane in the center and enclosed
by two adjacent vortex structures (43, 44). It is discernible as a sad-
dle point in the Fresnel image, namely, the cross of two Néel walls
showing opposite Lorentz contrast (white and black) (42). As in our
work, we did not intend to determine the polarity of the vortex
cores; it is possible that the vortex polarity switching may also occur
during the ultrafast optical quenching (26, 37).

To understand the above interesting phenomenon, we repeated
the same experiment on the three geometrical Py disks more than
200 times to obtain statistically meaningful measurements of the
femtosecond laser pulse-induced metastable magnetic structures so
that the underlying mechanism could be retrieved. The typical Fresnel
images of the observed metastable magnetic structures are dis-
played in the middle panel of each subpanel in Fig. 2, while their
corresponding spin configurations and occurrence frequency dis-
tributions are shown in the panels below and above, respectively.
Each Fresnel image was acquired at about 1 s after each femtosec-
ond laser pulse excitation (fluence of 12 mJ/cm?) in our experiment,
and the magnetic states created after the rapid quenching do not
evolve further until the next femtosecond laser shot. In each statistic
histogram, the most frequently observed single clockwise and coun-
terclockwise vortex structures with opposite Lorentz contrast were
counted separately, while the other complex magnetic structures
with opposite Lorentz contrast but with the same spin configura-
tion were added together. In all three disks, the counterclockwise
and clockwise single-vortex states occur randomly with a simi-
lar occurrence frequency, which is overwhelmingly higher than that
of other complex magnetic structures. This nearly 90% occurrence
frequency of the single-vortex state (including both clockwise and
counterclockwise ones) also verifies its lowest energy and highest
stability in the symmetric Py disks. All the other complex magnetic
structures consist of a number of newly generated vortices, anti-
vortices, domains, and pairs of Néel walls, where the antivortex is
located between two vortices with the same chirality. Intriguingly,
the spatial distribution of their spin configurations exhibits striking
mirror or rotation symmetry (see Fig. 2), which is due to the
confinement of the geometrical symmetry of the Py disks. For a
magnetic structure containing a number of topological defects in
a symmetric ferromagnetic disk, the symmetric spin configuration
will aid in reducing the total energy of the system. Note that these
complex metastable magnetic structures are much more difficult to
form in smaller circular Py disks (1.7 pm diameter) under the same
quenching condition (see movie S4), where only a single magnetic
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Fig. 1. Femtosecond laser pulse quenching of a magnetic vortex in Py disks. (A) Sketch of imaging the femtosecond laser pulse-induced change of spin configuration
in a ferromagnetic Py disk by 4D EM operated in Lorentz phase mode with a continuous electron beam. The green femtosecond laser pulse (520 nm, 350 fs pulse duration)
is focused to 40 um on the sample. (B) Schematic Lorentz contrast reverse mechanism of a magnetic vortex in a circular Py disk before and after a femtosecond laser pulse
excitation due to the change of spin chirality. Because of the opposite Lorentz force of the imaging electrons impinging on the sample, the Lorentz contrast of a vortex
core can be either black or white. The inset depicts the typical transient temperature evolutions after a femtosecond laser excitation (see Materials and Methods) in both
the Py disk and the silicon nitride substrate (T¢ is the Curie point of the Py disk, Ty is the room temperature, and laser fluence is at 12 mJ/cm?). (C) Femtosecond laser
pulse-induced variation of a magnetic vortex in circular, square, and regularly triangular Py disks. The right panel of each Fresnel image schematically depicts the corre-
sponding spin configuration. The blue and red dashed lines correspond to the white and black Lorentz contrasts, respectively, while the blue and red dots correspond to
the counterclockwise and clockwise vortices, individually. The green dots mark the magnetic antivortex. The same notes are used in all subsequent figures.

vortex structure forms, implying that the dimensionality affects the
magnetization dynamics and final magnetic states.

To unravel the origin of the different occurrences of the complex
metastable magnetic structures, we further carried out the femto-
second laser quenching experiments with a higher laser fluence of
16 mJ/cm?®. At this fluence, other more complex, symmetric meta-
stable magnetic structures consisting of a larger number of topolog-
ical defects were observed in all the three geometries (see figs. S1 to
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S3). For both the circular and square disks, the magnetic structures
that comprise various vortices up to six were observed, while for the
triangular one, the most complex magnetic structure only contains
four vortices, which is probably due to its lower geometrical sym-
metry. Note that most of these complex magnetic configurations have
never been observed in ferromagnetic disks with other external
stimuli, such as annealing, magnetic field, spin-polarized current, and
spin wave. Basically, the more complex magnetic configurations
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Fig. 2. Occurrence frequency distribution of the femtosecond laser pulse-induced magnetic structures in three geometrical Py disks. (A to C) Frequency distribu-
tion of the femtosecond laser pulse (fluence of 12 mJ/cm?)-induced spin configurations in circular, square, and triangular Py disks, respectively. The bottom panel in each
subfigure shows the typical Fresnel images of the experiments, and the middle panel schematically shows their corresponding spin configurations. The most frequent
single clockwise and counterclockwise vortex structures with opposite Lorentz imaging contrast were counted separately, while the other magnetic structures with op-

posite Lorentz imaging contrast but with the same spin configuration were added together. The inset in each subfigure denotes the femtosecond laser pulse quenching
process in the Py disks.
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(with more topological defects) show a lower occurrence frequency
in the femtosecond laser quenching experiment (figs. S1 to S3). The
occurrence of additional more complex, symmetric magnetic struc-
tures at this high fluence is mainly due to the strong laser heating-
induced crystallite change in the Py disk, which will be discussed
later.

The magnetic vortex and antivortex are both topological de-
fects with the local magnetization rotating by 360° on a closed loop
around the tiny core, which can be characterized by a topological
winding number w = 1/2nfVa: - dS (w = +1 and ~1 for vortex and antivor-
tex, respectively), where o is the local orientation of the magnetiza-
tion vector and S is an arbitrary integral loop containing the tiny
core (19). The topological winding number has been theoretically
predicted to have a direct impact on the magnetization dynamics
(43, 45). Because of the spatial symmetry breaking at the edge of the
Py disks, each cross of a pair of Néel walls with opposite Lorentz
contrast at the edge can be considered as a half-antivortex, and its
topological winding number w turns out to be —1/2. One would find
that the sum of the total topological winding numbers for each
observed metastable magnetic structure in all the three geometrical
disks is equal to 1, which is the same as that of their initial single
magnetic vortex state. Namely, the generation of new vortices and
antivortices during the femtosecond laser quenching conserves the
topological winding number of the Py disks, that is, strictly restricted
by the topological invariance. This topological feature is similar to
that of the light-induced magnetic network in homogeneous ferro-
magnetic iron thin films, where the vortex-antivortex generates in
pairs and follows the universal behavior within the framework of
the Kibble-Zurek mechanism (42).

Micromagnetic simulation of the magnetization dynamics

To understand the formation mechanism and topological feature
of the symmetric magnetic structures induced by femtosecond la-
ser pulse quenching, we performed finite-element micromagnetic
simulations on these three geometrical Py disks based on the
Landau-Lifshitz-Gilbert equation with Langevin dynamics (32) to
reveal the underlying magnetization dynamics (see Materials and
Methods). For the micromagnetic simulations, we consider the fol-
lowing scenarios: (i) the femtosecond laser pulse only interacts with
the magnetization via the photothermal effect; (ii) the femtosecond
pulse heats the Py disk above the Curie point and randomizes the
local magnetization, namely, melts the electronic spin structures,
but without altering the integrity of the lattice; and (iii) each femto-
second laser pulse excitation may result in different random mag-
netization seeds in the melted spin system. Under these conditions,
the optical quenching-induced magnetization dynamics in the Py
disks can be understood as follows. Upon a femtosecond laser pulse
excitation above the threshold fluence for the Curie temperature,
the thermal energy of the electronic system in the Py disk is rapidly
increased, creating a hot thermal bath for the spin system. This sharp
increase in thermal energy of the spin system leads to a rapid and
full demagnetization, namely, spin melt of the initial magnetization
in the Py disk within several picoseconds (41, 46-48). The subsequent
energy transfer from the electron system to the lattice governed by
the electron-phonon coupling (32) leads to a rapid decrease of
the temperature to below Curie point, initiating the remagnetiza-
tion process of the spin system. Compared to the optical writing of
skyrmions (28), the remagnetization dynamics of the Py disk under
laser pulse excitation relates to the temperature quench process.
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We used the exact dimensions of the samples in the micromag-
netic simulations, and more than 25 runs of the numerical simula-
tion were performed on each Py disk. The bottom panel of each
subfigure in Fig. 3 presents the typical spin configurations in each
Py disk generated by the micromagnetic simulation, and their
corresponding occurrence frequencies (plotted in pink bars) and
energies are plotted together in the top panel. For comparison, the
corresponding occurrence frequency distributions of the magnetic
structures measured by the experiments are also plotted in blue
bars. Here, the single magnetic vortex states with opposite chirality
were counted together. All the magnetic structures observed in the
experiment (laser fluence of 12 mJ/cm?) are well reproduced by the
micromagnetic simulations for all the three geometrical disks, and
their occurrence frequencies agree as well (Fig. 3).

In all three geometrical disks, the single magnetic vortex state
always exhibits the highest occurrence due to its lowest energy
(~6.98 x 1077 J for circle, ~7.32 x 107 J for square, and ~9.52 x
10777 for triangle), while the occurrence of other complex magnet-
ic structures generally decreases with their energy (see Fig. 3). Spe-
cifically, for the magnetic structures in the circular disk, their energy
nearly increases linearly with an increase in the number of con-
tained topological magnetic defects (vortex), and their occurrence
frequency decreases monotonously (Fig. 3A). For both square and
triangular disks, the energy increase levels off for the magnetic struc-
tures with more than three topological magnetic defects (vortex),
and counterintuitively, the magnetic structure containing two vor-
tices with lower energy even exhibits smaller occurrence frequen-
cies than that of the magnetic structure containing three vortices
with higher energy (Fig. 3, B and C). This unexpected behavior is
probably due to the much smaller energy barrier that the magnetic
structure containing two vortices needs to overcome during the
magnetization relaxation after the optical quenching. As direct esti-
mation of energy barriers from micromagnetic simulations has
been limited to the case of quasi-1D nanowire systems or single-
vortex systems in potentials with a high degree of symmetry, we
instead use the change in energy required to modify the vortex/
antivortex number within the Py disk during application of an ap-
plied field, as schematically shown for a square Py disk in fig. S4. The
transformation energy is determined by using the minimum field
required for transformation from fields applied along the +x and +y
directions. We note that these energies are larger than the true
depinning energies, as they take into account energy changes in the
entire disk and may not represent the lowest energy path toward
annihilation, and also that the exact values will vary significantly with
the pinning region. However, this method can be used to demon-
strate the relative differences in pinning energies. We find that the
annihilation energy for the two-vortex structure is significantly less
than the annihilation energy for other vortex systems. Because of the
much smaller energy barrier, the metastable magnetic structure con-
taining two vortices strongly prefers to relax to the single magnetic
vortex state, resulting in a lower occurrence than the magnetic struc-
ture with three vortices in both square and triangular disks (Fig. 3,
B and C). It should be noted that, as measured in single-vortex states
or quasi-1D nanowires, spin pinning potentials in magnetic systems
induced by both surface roughness and nonuniformities at the sam-
ple edge are typically on the order of 1 eV (49, 50), which is signifi-
cantly larger than thermal fluctuations following the rapid quenching.

To unravel the factors that determine the final magnetic struc-
tures, we considered the initial remagnetization process of the random
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Fig. 3. Comparison of micromagnetic simulations with experimental observations. (A to C) Simulation results of the occurrence frequency distribution and energies
of the femtosecond laser pulse (fluence of 12 mJ/cmz)—induced magnetic structures in circular, square, and triangular Py disks, respectively. The bottom panel in each
subfigure shows the typical results of possible magnetic structures obtained by the micromagnetic simulations (pink bars). The corresponding experiment-determined
occurrence frequency distribution of the femtosecond laser pulse-induced magnetic structures is also plotted in blue bars for comparison. The simulation results repro-
duce the experimental results well (the statistical errors of the histograms are below 5%), with the exception of one magnetic structure in the triangle disk [indicated by

the dashed red circle in (Q)].

magnetization seeds, especially the role of the spin pinning at the
edge defects of the Py disks, in our micromagnetic simulation. In a
perfectly circular disk with a smooth edge, the single magnetic vor-
tex state is strongly preferred after a femtosecond laser pulse exci-
tation. Because of the confinement of the geometrical symmetry of
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the disk and the spin pinning at the edge defects (or edge roughness),
the final magnetic structures prefer to form symmetric configura-
tion to reduce the system total energy. For further discussion, three
exemplary time-dependent magnetization evolutions for the forma-
tion of the single magnetic vortex state and the metastable magnetic
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structures with two and three vortices in a triangular disk are re-
spectively presented in Fig. 4 (see also movies S5 to S7). After a
femtosecond laser pulse-induced randomization of the initial mag-
netization in the disk, the melted spin system starts to remagnetize
when the temperature cools down to below the Curie point in sev-
eral picoseconds and a number of vortices, antivortices, domains,
and half-antivortices at the disk edge are formed. Note that these
initially formed topological magnetic defects conserve the topolog-
ical winding number (w = 1) of the initial single magnetic vortex
state in the Py disk. With time lapse, the adjacent vortices and an-
tivortices inside the disk move spirally and approach each other and
then annihilate in pairs, while for the half-antivortices at the disk
edge, a nearby inside vortex moves toward the center of two adja-
cent half-antivortices, and they annihilate upon running into one
another, as indicated by the colored circles in Fig. 4. Depending on
the relative core polarization of the adjacent vortex-antivortex pair,
their annihilation process either is a continuous transformation of
the magnetization (parallel) or involves nucleation and propagation
of a Bloch point, causing a burst-like emission of spin waves (anti-
parallel) (19). During this incessant vortex-antivortex pair annihila-
tion process, the energy of the spin system continuously decreases,
until the system relaxes to the single magnetic vortex state with the
lowest energy (see Fig. 4A).

Because of the spin pinning at the disk edge (indicated by the
blue and pink arrows in Fig. 4, B and C; see also fig. S5), the half-
antivortices at these pinning sites cannot move freely; thus, the two
adjacent half-antivortices at these pinning sites cannot annihilate
with a nearby vortex. In such case, the spin system relaxes to a sym-
metric multivortex state due to the confinement of the symmetric
geometry of the disk (Fig. 4, B and C). The magnetization dynamics
and the formation mechanisms of other metastable complex mag-
netic structures, including those in the circular and square Py disks,

have similar features (see movies S8 to S13). The strong spin pin-
ning effect at the disk edge could also account for the observation of
additional more complex, symmetric magnetic structures in our
experiment at a higher laser fluence of 16 mJ/ cm? (see figs. S1 to S3).
At this high fluence, the strong heating effect would cause lattice
grain growth within the Py disk (see fig. S6), which would induce
larger grain boundaries, that is, roughness at the disk edge, and thus
more strong spin pinning sites, resulting in more complex magnetic
structures (figs. S1 to S3). Thus, pinning processes in these systems
play a key role in the population statistics determined in this work.
To elucidate the role of pinning in these systems, we have carried
out further micromagnetic simulations on the square structure shown
in Fig. 3B. To eliminate pinning, we smooth the edges of the struc-
ture and then used the previously observed metastable configura-
tions as an initial state. The system is then allowed to relax. We find
that, while the single-vortex state and the three highest-energy states
are stable in this smoothed geometry, the two-vortex state is not,
and relaxes to the single-vortex state. This implies that this state only
exists due to strong local pinning effects, and its population is highly
dependent on the local edge geometry.

DISCUSSION

Thermally assisted magnetization reversal has been proposed as one
of the most promising way to enable high-density magnetic record-
ing (25, 51), where the large anisotropy values required for the sta-
bility of the recording media films are transiently reduced by laser
heating and the required magnetic switching field markedly dec-
lines. Recently, Lebecki and Nowak (36) have theoretically studied
the temperature impact on the magnetic switching field of a mag-
netic vortex core in a circular ferromagnetic disk based on the Landau-
Lifshitz-Bloch equation (52) incorporating the thermal effect. As

Fig. 4. Typical magnetization dynamics in a Py disk after a femtosecond laser pulse quenching by micromagnetic simulation. Snapshots of the magnetization
dynamics during the formation of different magnetic structures in a triangular Py disk at different times after a femtosecond laser pulse excitation: (A) formation a single
magnetic vortex state; (B) formation of a magnetic structure with two vortices; (C) formation of a magnetic structure with three vortices. The laser fluence is 12 mJ/cm?.
Note that the precise time scale of the magnetization relaxation process may vary (from hundreds of picoseconds to nanoseconds) with real ferromagnetic disk systems,
which exhibit even more complex pinning mechanisms as well as temperature-dependent damping. The vortices and antivortices (including the half-antivortices indi-
cated by the green half dots at the disk edge) in the different colored circles indicate the magnetic vortex-antivortex pairs that annihilate during the magnetization relax-
ation process. The blue and pink arrows indicate the spin pinning sites at the disk edge.
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Fig. 5. A paradigm of the optical quenching-assisted, magnetic vortex-based information recording process. (Left) Schematic of the optical quenching-assisted,
magnetic vortex—based information recording system, where a linear polarized femtosecond laser pulse is used to transiently demagnetize the initial magnetic vortex
and another synchronized orthogonal small magnetic field pulse is used to set the polarization of the newly formed magnetic vortex. (Right) Sketch for the working
mechanism of the optical quenching-assisted, magnetic vortex-based information recording process. The data information “1”and “0” are recorded by the polarity (up
and down) of the magnetic vortex. The fluence of the femtosecond laser pulse should be controlled above the threshold for spin melting, but below the threshold for

changes in the ferromagnetic disk’s crystallites.

shown in their prediction, the orthogonal magnetic field required
for vortex core switching dramatically decreases with increasing tem-
perature due to the lower energy barrier at higher temperature, which
may even vanish at a temperature slightly below the Curie point [see
figs. 3 and 5 in (36)]. In contrast, our experimental results demon-
strate that both the magnetic vortex switching and the final magnetic
state are random after a femtosecond laser pulse excitation (see
Fig. 2), implying that the purely photothermal switching of a mag-
netic vortex is possible but uncontrollable, which will seriously hin-
der the practical application. Nevertheless, a femtosecond laser pulse
with a proper fluence could initiate a sharp increase of temperature
in the Py disk above its Curie point to induce a transient nonequilibrium
paramagnetic state (spin-melted state). During this transient para-
magnetic period, if a small external orthogonal magnetic field is ap-
plied, then one could easily control the spin direction of the system
and initiate the polarization of the magnetic vortex that formed in
the subsequent magnetization relaxation process due to the ultrafast
quenching.

On the basis of our experimental observations, together with the
simulation results, we propose a new paradigm of optical quenching-
assisted fast switching of the magnetic vortex polarity for the con-
trol of magnetic vortex-based information recording and spintronic
devices, as schematically shown in Fig. 5. A femtosecond laser pulse
to transiently demagnetize the initial magnetic vortex in the Py disk
and a small orthogonal magnetic field pulse (with a duration above
tens of picoseconds) to set the polarization of the newly formed
magnetic vortex are simultaneously applied. There are several pos-
sible approaches to realize this paradigm. For example, through the
topological inverse Faraday effect, a small orthogonal magnetic
field pulse could be simultaneously generated using a circularly po-
larized laser pulse for excitation (37). In principle, the strength of
this external magnetic field pulse should be much smaller than that
(500 mT) of the orthogonal magnetic field required for the conven-
tional quasistatic switching of a magnetic vortex core (53, 54), which
could be handily determined by magnetic force microscope mea-
surements. It should be mentioned that, for this proposed optical
quenching-assisted, magnetic vortex-based information recording
paradigm, the following factors need to be considered carefully: (i)
The fluence of the femtosecond laser pulse is crucial. It should be
able to instantaneously drive the system above the spin transition
temperature, but below the temperature that would cause the crys-
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tallite damage in the Py disk. A very strong femtosecond laser
pulse excitation would induce lattice change and cause the growth
of crystallites in the Py disk (see fig. S6), resulting in additional spin
pinning sites that would frustrate the magnetization relaxation. (ii)
The dimension and the edge smoothness of the Py disk are also very
important. As shown in our results, the small circular Py disks (1.7 um
diameter) strongly prefer the single magnetic vortex state after each
femtosecond laser pulse quenching (see movie S4). The smooth disk
edge would reduce the spin pinning effects during the magnetiza-
tion relaxation. Therefore, the proper design of a nanoscale circular
Py disk with a smooth edge and uniform small crystallites would be
greatly helpful to improve the stability and reliability of the optical
quenching-assisted magnetic vortex switching, as well as the scal-
ability of this approach. This would offer the new possibility of mag-
netic vortex—based high-density information recording with fast
writing rates, but consuming much less power.

In conclusion, by using the unique ultrafast quenching rate of up
to 10'* K/s of a femtosecond laser pulse excitation, we observed a
plenitude of new metastable magnetic structures in three types of
symmetric, micrometer-sized Py disks by in situ Lorentz electron
microscopy. These metastable magnetic structures consist of a
number of newly created topological magnetic defects strictly re-
stricted by the topological invariants, which were not observed pre-
viously in magnetic field- or spin current-assisted magnetic vortex
switching. Because of the confinement of the disk geometrical sym-
metry, their spin configurations show apparent mirror or rotation
symmetry. Micromagnetic simulations revealed the underlying mag-
netization dynamics of all the observed magnetic structures and the
dependence of their occurrence frequencies on their energetics and
pinning effects at the disk edge. Our results provide new insights
into the fundamental spin switching dynamics in symmetric Py
disks under femtosecond laser pulse quenching, which offers guid-
ance for the design of optical quenching-assisted fast switching of
topological vortices for vortex-based information recording and
spintronic devices.

MATERIALS AND METHODS

Preparation of Py disks

The samples studied in our experiments were prepared by electron
beam evaporation of a layer of Py (Nig;Feyo) film (30 nm thickness,
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ca. 10 nm grain size) onto a silicon nitride membrane (100 nm
thickness, 300 um x 300 um window area) on a silicon frame with
previously prepared symmetric patterns using photolithography
and a liftoff process. Three kinds of symmetric disks were prepared:
circle (diameters of 3 and 1.7 um), square (edge length of 3 um), and
regular triangle (edge length of 1.7 um). The corners of the square
and regular triangle disks were intentionally arc-shaped to avoid
artificial singularity in spin switching (see Fig. 1C).

Estimation of transient thermal state in the Py disk after
femtosecond laser pulse excitation

Since the silicon nitride was almost transparent to the laser wave-
length used in our work, upon femtosecond laser pulse excitation,
the optical pulse energy was first absorbed by the Py disk, resulting
in a rapid rise of the electron temperature and subsequently equili-
brating with the spin and lattice on a time scale below 1 ps through
the electron-electron and electron-lattice couplings (42, 55). After
the femtosecond laser pulse-induced locally equilibrated electron,
spin, and lattice system, we described the transient thermal state of
the Py disk using a simple single-temperature model in the picosec-
ond time range (42). The relative heat capacities of the Py and sili-
con nitride layer were taken into account in the model, and the
thermal conductivity (~25 W/mK) of the Py was taken from (56),
while the thermal boundary resistance between the two layers was
estimated from (57). At a laser fluence of 12 mJ/cm? (above the
threshold), the Py disk was initially heated up to a transient peak
temperature exceeding the Curie point and then the system cooled
down rapidly through the local equilibration between the Py disk and
the silicon nitride substrate with a cooling rate of up to ~10'> K/s,
followed by subsequent thermal diffusion through the substrate. On
longer time scales, the slower lateral heat diffusion across the sub-
strate ultimately brought the system back to room temperature.

Lorentz phase imaging of femtosecond laser pulse-induced
magnetic structures

To image the femtosecond laser quenching-induced changes of
magnetic structure in the Py disks, we performed out-of-focus
(over-focus with a defocus value of about 300 um) Fresnel phase
imaging in 4D EM (58-61) operated under Lorentz-mode condi-
tions (62, 63), which enabled in situ femtosecond laser excitation.
To obtain high Lorentz contrast, the images were collected using
the continuous electron beam of the 4D EM rather than pulsed elec-
trons. Linearly polarized green femtosecond laser pulses (520 nm,
40 um focal spot size, 350 fs pulse duration) were used for excitation,
which were generated from infrared femtosecond laser pulses
(1040 nm, 350 fs pulse duration) by second harmonic generation.
The in-plane circular magnetizations (clockwise or counterclockwise)
of the magnetic vortices exerted opposite Lorentz forces on the im-
aging electrons, resulting in contrasts or phase shift of the electron
beam related to the vortex core, respectively (39-41). The high-
throughput Fresnel phase imaging allowed the investigation of the
femtosecond laser quenching-induced magnetization changes at the
nanometer scale and the statistical properties of the resulting mag-
netic structures.

Micromagnetic simulation

Micromagnetic simulations were performed using micromagnetic
software (OOMME) (http://math.nist.gov/oommf/oommf_cites.html).
A saturation magnetization (M) of 800 kA/m, an exchange stiffness
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(A) of 13 pJ/m, and a Gilbert damping (a) of 0.01, consistent with
typical values of Py, were used. A stopping condition of dM/dt = 0.1
was used to ensure convergence. The parameters used were from
(49). The cell size was set to 5 nm x 5 nm X 30 nm. The sample
structure for each geometry was determined by creating a binary
mask from transmission electron microscopy images for each. To
determine possible metastable domain configurations, 25 runs for
each geometry were performed using different initial random mag-
netic configurations and then allowed to relax. Following relaxation,
the energies and static domain configurations were recorded.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/7/eaat3077/DC1

Fig. S1. Occurrence frequency distribution of femtosecond laser pulse-induced magnetic
structures in a circular Py disk at a fluence of 16 mJ/cm?.

Fig. S2. Occurrence frequency distribution of femtosecond laser pulse-induced magnetic
structures in a square Py disk at a fluence of 16 mJ/cm?.

Fig. S3. Occurrence frequency distribution of femtosecond laser pulse-induced magnetic
structures in a triangular Py disk at a fluence of 16 mJ/cm?.

Fig. S4. Schematic of relative change to the sum of demagnetization and exchange energies
associated with the transformation of the indicated state to a lower-energy state estimated by
application of a magnetic field applied along the +x or +y directions, whichever is lowest.

Fig. S5. Typical magnetic structures in triangular Py disks (edge length of 1.7 um) determined
by micromagnetic simulation to show the pinning sites at the disk edge.

Fig. S6. Annular bright-field images of a circular Py disk after a femtosecond laser pulse
quenching with different fluences to show the change of the inside crystallites.

Movie S1. Fresnel imaging of femtosecond laser pulse quenching-induced magnetic structure
change in a circular Py disk (diameter of 3 um) at a fluence of 12 mJ/cm?.

Movie S2. Fresnel imaging of femtosecond laser pulse quenching-induced magnetic structure
change in a square Py disk (edge length of 3 um) at a fluence of 12 mJ/cm?.

Movie S3. Fresnel imaging of femtosecond laser pulse quenching-induced magnetic structure
change in a triangular Py disk (edge length of 1.7 um) at a fluence of 12 mJ/cm?.

Movie S4. Fresnel imaging of femtosecond laser pulse quenching-induced magnetic structure
change in a circular Py disk (diameter of 1.7 um) at a fluence of 12 mJ/cm?.

Movie S5. Micromagnetic simulation on the magnetization relaxation dynamics of the
formation of a single magnetic vortex structure in the triangular Py disk (edge length of

1.7 um) after a femtosecond pulse quenching (fluence of 12 mJ/cm?).

Movie S6. Micromagnetic simulation on the magnetization relaxation dynamics of the
formation of a magnetic structure with two magnetic vortices in the triangular Py disk (edge
length of 1.7 um) after a femtosecond pulse quenching (fluence of 12 mJ/cm?).

Movie S7. Micromagnetic simulation on the magnetization relaxation dynamics of the
formation of a magnetic structure with three magnetic vortices in the triangular Py disk
(diameter of 3.0 um) after a femtosecond pulse quenching (fluence of 12 mJ/cm?).

Movie S8. Micromagnetic simulation on the magnetization relaxation dynamics of the
formation of a single magnetic vortex structure in the circular Py disk (diameter of 3.0 um)
after a femtosecond pulse quenching (fluence of 12 mJ/cm?).

Movie S9. Micromagnetic simulation on the magnetization relaxation dynamics of the
formation of a magnetic structure with four magnetic vortices in the circular Py disk (diameter
of 3.0 um) after a femtosecond pulse quenching (fluence of 12 mJ/cm?).

Movie $10. Micromagnetic simulation on the magnetization relaxation dynamics of the
formation of a magnetic structure with four magnetic vortices in the circular Py disk (diameter
of 3.0 um) after a femtosecond pulse quenching (fluence of 12 mJ/cm?).

Movie S11. Micromagnetic simulation on the magnetization relaxation dynamics of the
formation of a single magnetic vortex structure in the square Py disk (edge length of 3 um)
after a femtosecond pulse quenching (fluence of 12 mJ/cm?).

Movie S12. Micromagnetic simulation on the magnetization relaxation dynamics of the
formation of a magnetic structure with three magnetic vortices in the square Py disk (edge
length of 3 um) after a femtosecond pulse quenching (fluence of 12 mJ/cm?).

Movie S13. Micromagnetic simulation on the magnetization relaxation dynamics of the
formation of a magnetic structure with four magnetic vortices in the square Py disk (edge
length of 3 um) after a femtosecond pulse quenching (fluence of 12 mJ/cm?).
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