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Ultrafast switching to zero field topological spin
textures in ferrimagnetic TbFeCo films+
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The capability of femtosecond (fs) laser pulses to manipulate topological spin textures on a very short
time scale is sparking considerable interest. This article presents the creation of high density zero field
topological spin textures by fs laser excitation in ferrimagnetic TobFeCo amorphous films. The topological
spin textures are demonstrated to emerge under fs laser pulse excitation through a unique ultrafast
nucleation mechanism, rather than thermal effects. Notably, large intrinsic uniaxial anisotropy could sub-
stitute the external magnetic field for the creation and stabilization of topological spin textures, which is
further verified by the corresponding micromagnetic simulation. The ultrafast switching between topolo-
gical trivial and nontrivial magnetic states is realized at an optimum magnitude of magnetic field and laser
fluence. Our results would broaden the options to generate zero-field topological spin textures from ver-
satile magnetic states and provides a new perspective for ultrafast switching of 0/1 magnetic states in

rsc.li/nanoscale spintronic devices.

Introduction

Magnetic chiral skyrmions with spherical spin configuration
topology and nanoscale dimensions are usually stabilized by
the Dzyaloshinskii-Moriya interaction (DMI),"® which is intro-
duced from asymmetric interfaces*™® or non-centrosymmetric
magnets.' ™ In centrosymmetric thin film magnets, similar
topological spin structures can be stabilized by the long-range
dipolar energy term.”' Assuming an axisymmetric soliton
solution 6(r) in a centrosymmetric thin film magnet with the
boundary conditions 6(0) = &, 8(c0) = 0,"'* we can calculate
the contributions to the total energy associated with 6(r) and
denote them as ¢, (exchange), ¢4 (long-range dipolar), ¢, (an-
isotropy) and &, (Zeeman)."® Then we consider a family of func-
tions (r) = A(r/)'> obeying the same boundary conditions and
a unique soliton solution characterized by # = 1.'*'® The
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soliton energy F can be expressed as a function of 7 (details are
provided in ESI Note S17):

F(n) = e — ean + (ea + e2)n> (1)

Therefore, a unique soliton solution characterized by 5 = &4/
2(en + €7) = 1 can be stabilized in the low saturation magnetiza-
tion (Mg) but high perpendicular uniaxial anisotropy (K,)
region even without the Zeeman term."'®' In order to
promote the skyrmion generation in thin film magnets, the
quality factor Q = K,/2nM,”> near 1 is usually required for the
canted magnetization ground state.*'° In chiral magnetic thin
films, the stabilization of zero field skyrmions can coexist with
the Q near 1 condition due to the presence of DMIL*'¥2!
However, in centrosymmetric ferromagnetic thin-films, the
stabilization of zero field skyrmions requires low-M; and high-
K, conditions, which contradicts the simultaneous coexistence
of the Q near 1 condition. In contrast, the parameters of K,
and M; in ferrimagnets generally show little correlation and
can be independently tuned to achieve the combination of
low-M; and high-K,, by altering the composition of rare earth
(RE) -transition metal (TM) alloys,”>*® which could sustain
zero-field skyrmions in centrosymmetric magnetic films.**>®

Although in low-M; and high-K,, centrosymmetric ferrimag-
netic film magnets there is no stripe domain ground state or
DMI required for the regular generation of skyrmions, ultrafast
lasers have opened an alternative way. The capabilities of fs
laser pulses to create an ultrafast magnetic nonequilibrium
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state on a very short time scale and to condense the short-
range interaction spins into skyrmions via localized spin
dynamics have been demonstrated.”®>® However, an external
magnetic field is required for fs laser manipulation of the
magnetic states of materials and the stabilization of laser-
induced skyrmions.>®*® Here, we propose that in ferrimagnetic
TbFeCo films, intrinsic perpendicular uniaxial anisotropy with
high enough magnitude can substitute the external magnetic
field to condense the fs laser induced short-range correlation
state into topological spin textures and stabilize it under zero
field. Moreover, skyrmions in ferrimagnetic films are attracting
ever-increasing attention because the deflection motion as a
result of the skyrmion Hall effects can be avoided.>*!
Actually, a previous study has attempted to generate skyrmions
by using a fs laser in TbFeCo thin films, but only the magneti-
zation of a local micrometer laser spot region is reversed and
considered as an isolated skyrmion."?

In this work, multiple topological spin textures are gener-
ated from the saturated ground state under zero field by
using an ultrafast laser pulse in amorphous ferrimagnetic
TbFeCo films, as observed directly via in situ Lorentz trans-
mission electron microscopy (L-TEM). Large intrinsic uniaxial
anisotropy could substitute the external field to create and
stabilize those topological spin textures, which is further veri-
fied by the corresponding micromagnetic simulation.
Moreover, it is demonstrated that the condensation nuclea-
tion from the fs-laser-induced short-range ordered phase on
the picosecond (ps) timescale rather than the thermally acti-
vated domain wall motion nucleation is responsible for the
generation of topological spin textures. The ultrafast switch-
ing between topological trivial and nontrivial magnetic states
by changing the value of the magnetic field or laser fluence
provides a solid experimental basis for spintronic
applications.

Results and discussion

Direct observation of ultrafast topological spin textures
generation by fs laser pulses under zero field

Pt (3 nm)/Tbys(Fe;5C0,5)s5(20 nm)/Pt (3 nm) trilayer films were
grown on 10 nm-thick Si;N, membrane windows by magne-
tron sputtering for direct L-TEM observation and simul-
taneously on Si wafers for magnetic property measurements.
The TbFeCo layer structure with a ferrimagnetic arrangement
of TM and RE magnetic moments under the irradiation of an
electron beam and linear polarization laser is schematically
shown in Fig. 1a. It should be noted that the residual magnetic
field is approximately 200 Oe in traditional TEM, even after
the objective lens is switched off.**> Here, we could successfully
obtain an adjustable magnetic field in the range of 0-200 Oe
by reversing the current of the objective lens via an external
current source meter as shown in Fig. 1b. The residual mag-
netic domain at zero field could be demonstrated as hom-
ogenous saturated ferromagnetic (FM) state without any
domain contrast (Fig. 1c), corresponding well with a typical
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ferromagnetic square hysteresis loop at room temperature in
Thb15(Fe;5C05)ss-

Repeated experiments demonstrate that versatile domains
can be generated from a homogeneous saturated FM state
under zero field via 300 fs single laser pulse excitation only
when the laser fluence exceeds a critical value. An elliptic
region with high density topological spin textures in the
middle and low density common magnetic bubbles at the
edge is generated (Fig. 1d) at a laser pulse fluence of 12 mJ
em 2. The distribution of saturated FM, low density bubbles,
high density topological spin textures, and reticulation
domains along the radius (Fig. 1e) is observed under a higher
fluence laser pulse magnitude of 13.5 mJ cm™>. The sample is
tilted by approximately 20° along the x-axis to better character-
ize the magnetic contrast and laser irradiation for the gene-
ration of topological spin textures. Further domain characteriz-
ation without tilting the sample demonstrates the random
dark and bright dot contrast (ESI Fig. S17), indicating versatile
topological spin textures with random chirality, as expected in
this nonchiral magnets.® It is clear that the emergence of topo-
logical spin textures via fs laser pulse excitation is a totally
field-free behavior; however, topological spin textures are not
the only domain structures generated by fs laser pulses under
zero field. To eliminate other domain structures and obtain a
homogeneous topological spin texture, a magnetic field is
applied during fs laser excitation.

It is demonstrated that the higher perpendicular magnetic
field at the same single laser fluence of 13.5 mJ cm™> produces
a larger region for topological spin textures and smaller
regions for both magnetic bubbles and the reticulation
domain (Fig. 2a-c). The optimum magnetic field to generate
the complete homogeneous topological spin texture from a
saturated FM state is a field of 200 Oe (Fig. 2c). It should be
noted that the magnetic field is applied only to assist the
homogeneous nucleation of topological spin textures during
the laser excitation period and all L-TEM images in Fig. 2 are
obtained under zero field; the corresponding mechanism is
further discussed.

The extracted and magnified regions indicated by the
yellow dashed box in Fig. 2c are classified into different
types of topological spin textures in Fig. 2d. The corres-
ponding in-plane magnetization distribution reconstructed
from the transport-of-intensity (TIE) equation analysis
clearly depicts the individual spin configurations of the
magnified textures without tilting of the sample and they
are consistent with the simulated L-TEM images (Fig. 2e).
The domain structures with opposite chirality in numbers 1
and 2 of Fig. 2e are identified as Bloch-type skyrmions.
Skyrmion bubbles with reversed helicity are also observed as
shown in numbers 3 and 4 of Fig. 2e.” The alternated half-
bright and half-dark magnetic contrast after tilting toward
opposite angles verifies the presence of Néel-type skyrmions
with a corresponding intensity distribution across the sky-
rmion (Fig. 2f).>* Despite their different configurations and
random chirality, these magnetic structures share the same
topological charge of 1.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Fs laser-induced topological spin textures from the saturated FM ground state under zero field in a Tbhys(Fe;5C025)gs film. (a) Schematic illus-
tration of the experimental setup and the layer configuration. (b) Schematic of L-TEM with external fs laser irradiation and a current source meter. (c)
Hysteresis loop of the amorphous ferrimagnetic Tb;s(Fe;5C05)gs film at room temperature, where the red star indicates the experimental TEM
observation point under zero field. (d and e) L-TEM images of magnetic domains at a tilting angle about 20° along the x-axis induced by a fs laser.

The scale bar in (d) and (e) is 2 pm.

The generation mechanism for different magnetic domain
structures

The uniaxial anisotropy in RE-TM alloys originates from the an-
isotropy of the nearest neighbor ions around rare earth atoms,
which is called single-ion anisotropy.**** Therefore, stabilized
uniaxial anisotropy is established after the thermal equilibrium
between the electronic and lattice subsystem within 10 ps after
ultrafast laser excitation.>® M-H measurement of the ferrimagnetic
TbFeCo amorphous film reveals a near consistent saturation mag-
netization M; from 300 to 600 K in contrast to the significant
decreases of perpendicular uniaxial anisotropy as shown in
Fig. 3b. Correspondingly, the increase of the lattice temperature
due to the thermal equilibrium between electronic and lattice
subsystems after laser excitation would lead to the decrease of K.
Thus, the gradual decrease of K, from the edge to the center of
the laser spot after the thermal equilibrium is expected according
to the Gaussian distribution of the laser pulse intensity (Fig. 3b,
inset. Detailed information can be found in ESI Fig. S27).

The micromagnetic simulation of the minimum energy
domain states at different K, suitably explains the different
domains induced by the decreased K, from the edge to center
due to the Gaussian intensity distribution of the laser spot

This journal is © The Royal Society of Chemistry 2024

(Fig. 3a). The saturated FM state prefers to be the lowest energy
state when K, is large, which explains that fs laser must exceed
a critical value to reduce K, to stabilize versatile domains as
lower energy states (Fig. 3c). Under zero field, after a single laser
pulse excitation, the saturated FM state is the lowest energy
state at the edge of the laser spot, and as K,, gets smaller along
the radius of the laser spot, the thermally activated domain wall
motion enables the generation of low-density magnetic bubbles
as the lowest energy state.>® And then the uniform spin subsys-
tem enters the fluctuation-disordered state with a short-range
correlation, where the uniaxial anisotropy helps to align, order,
and condense short-range ordered spins into high-density sky-
rmion bubbles and serve as the lowest energy state. As K, con-
tinues to decrease along the radius, intrinsic uniaxial anisotropy
is not sufficient to support the nucleation of skyrmion bubbles
and the disorganized, continuous reticulation domains gener-
ated at zero field is the lowest energy state (Fig. 3c).”® The versa-
tile domains generated by fs laser pulses is preserved after
cooling to room temperature because of the increased energy
barrier during cooling. We also find that the inhomogeneity of
the material or enhanced laser intensity can lead to the
enlarged skyrmion region through manipulating the K, value
under zero field (ESI Fig. S37).

Nanoscale, 2024, 16, 3133-3143 | 3135
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Fig. 2 The magnetic structure evolution via increased magnetic field and versatile magnetic structures induced by fs laser pulses. (a—c) L-TEM
domain images at a tilting angle of 20° induced by fs laser pulses under the perpendicular magnetic field with value of (a) 0 Oe, (b) 130 Oe and (c)
200 Oe. Obviously, the magnetic bubbles and the reticulation domain region get smaller until they disappear, and the topological spin texture
region grows larger and pure topological spin textures are obtained under 200 Oe after fs laser pulse excitation. (d) Magnified L-TEM image
extracted from the region indicated by the yellow dashed box in (c). (e) The magnified L-TEM images of the topological structure marked in (d)
without tilting of the sample, 1, 2 are Bloch-type skyrmions with opposite chirality. 3, 4 are Skyrmion bubbles with reversed helicity. Their in-plane
magnetic component distributions (determined by TIE), L-TEM simulation images, and schematics of arrangement of magnetic moments are
sequentially arranged after the L-TEM images. (f) Top, line profiles along the direction of the yellow dashed line, showing their contrast differences.
The direction of the asymmetry (bright-dark or dark-bright) is indicative of the skyrmion’s polarity. Bottom, identification of Néel-type skyrmions
performed by tilting the sample at —20°, 0°, and 20°, showing the disappearance of the contrast at zero tilt and the reversal of contrast that occurs

for opposite tilt angles. The scale bar in (a—c) is 5 pm and that in (d) is 500 nm.

Furthermore, the contribution of a higher perpendicular
magnetic field during fs laser excitation is emphasized by
micromagnetic simulations with the increased skyrmion
bubble region and decreased domain regions for the magnetic
bubbles and reticulation domain (Fig. 3c) due to the relative
energy change between the different magnetic states, which
suitably explains the experimental results (Fig. 2a—c). It should
be noted that the generation and stabilization of topological
spin textures essentially does not require any magnetic field,
and the magnetic field is only applied during the laser exci-
tation period to increase the proportion of the topological spin
textures.

Here, we propose the creation of topological spin textures
based on the highly localized spin dynamics in the fs laser
induced short-range correlation state. In RE-TM alloys, a fs
laser within tens of fs couples to the valence electronic system
and leads to a transient temperature increase of valence elec-
trons, and the crystal lattice is immediately excited by the scat-

3136 | Nanoscale, 2024, 16, 3133-3143

tering of the hot valence electrons with phonons.?” The 3d4s
spins from transition metals can be easily excited directly by
coupling to the hot valence electrons, while the localized 4f
electrons of the rare-earth metals are mainly excited by hot
phonons via spin-lattice coupling ~&L-S.>’*® The lattice
system dissipates the angular momentum of the electrons and
leads to a short-range correlation in the spin system.*®*™*° For
Gd with zero orbital momentum L in the GdFeCo alloy, the
weak lattice coupling to the 4f spin leads to a much slower dis-
order time of Gd 4f spin (14 ps)*’ in comparison with that of
FeCo 3d4s spin (0.2-0.4 ps)*"**> and prevents the formation of
uniform topological skyrmions.”” But for Tb (L = 3) in the
TbFeCo alloy, the strong lattice coupling to the 4f spin drives
the disorder time of Tb 4f spin (0.4 ps)*” comparable to that of
the FeCo 3d4s spin (0.2-0.4 ps),*"**> which enables the syn-
chronous ultrafast dynamics of Tb 4f and FeCo 3d4s spins
after optical excitation and provides a platform for ultrafast
nucleation of the ferrimagnetic topological texture. The for-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Temperature dependent uniaxial anisotropy and energy simulation of uniaxial anisotropy correlation. (a) Top, magnified L-TEM image of
yellow dashed box in Fig. le, indicates four different domain structures along the arrow direction. Bottom, corresponding magnetic structures in
micromagnetic simulation. (b) Magnetic parameters measured at different temperatures. No significant change in the saturation magnetization, and
uniaxial anisotropy decreases with an increase of temperature. Inset: Gaussian intensity distribution of fs laser pulses. (c) Energy of the four different
states as a function of the uniaxial anisotropy under zero field and at the magnetic field with the direction perpendicular to the film: skyrmion
bubbles (dotted green line), common magnetic bubbles (dotted red line), reticulation domain (dotted blue line) and FM state (dotted black line). The
colored areas mark the different ground state areas, B stands for common magnetic bubbles, Skb stands for skyrmion bubbles and Ret stands for
reticulation domain. With the increase of the magnetic field, the bubble domain transforms to the FM state and the reticulation domain transforms

to skyrmion bubbles.

mation of a synchronous short-range correlation state in the
spin system after laser excitation®” is consistent with the short-
range fluctuation-disordered state that occurs above the long-
range magnetic order but below the completely disordered
paramagnetic phase in magnetic materials,>®**™** which
allows highly localized spin dynamics to generate topological
spin textures. A magnetic field is required to condense sky-
rmions with preferred polarities.”® Here, we emphasize that
the stabilized uniaxial anisotropy with high enough magnitude
established within 10 ps after laser excitation can substitute
the applied field to condense the short range ordered spins
into topological spin textures with preferred polarities.

Verification of ultrafast nucleation mechanism of topological
spin textures

The temperature for the electronic and lattice subsystems
follows a different dynamic evolution on a different timescale
after fs laser pulse excitation. We introduce a three-tempera-
ture model (3TM) to describe the dynamic evolution of the
electronic and lattice temperature as a function of time (see
the Experimental section).’® Interplay between the fs laser
pulse and electrons leads to a transient temperature increase
of electrons and is responsible for the ultrafast spin behavior
on the ps timescale. The thermally activated effect occurs on a
nanosecond (ns) timescale after the electronic and lattice sub-
systems have established a thermal equilibrium.”” Typically,
the longer the laser pulses are, the lower the electronic temp-
erature will be, resulting in smaller differences between the
lattice temperature and electronic temperature at the early
stage of the dynamics, as depicted in Fig. 4a. No ultrafast spin
behavior but only thermal activated effect is introduced

This journal is © The Royal Society of Chemistry 2024

beyond 10 ns duration of the pulse owing to a consistent temp-
erature between the electronic and lattice subsystems.

When the single fs laser pulse with the fluence of 13.5 m]
em~? is applied on the Tbys(Fe;5C0,5)ss sample, the uniform
spin subsystem enters the fluctuation-disordered state in the
initial few ps, where the short-range spin correlation generates
and contributes to subsequent topological spin texture con-
densation. Labyrinth domain formation cannot be generated
upon fs laser exaction due to its higher energy than the sky-
rmion bubble state (Fig. 4b). When the thermal equilibrium
temperature is reached after the single fs laser pulse with the
fluence of 17.2 mJ em™>, K,, gets small enough in the center of
the spot, and the stripe domain is generated via the thermally
activated domain wall motion (Fig. 4e) and preserved due to
the lower energy than that of the skyrmion bubbles (Fig. 4b).
The criterion for the formation of the labyrinth and stripe
domains can be found in ESI Fig. S5.t

As for the ferromagnetic thin films with DMI, DMI pro-
motes the formation and stabilization of skyrmions. Under the
assistance of a magnetic field, skyrmions can be obtained via
the thermally activated motion of the domain walls on a ns
timescale after laser excittion.**>° The Pt/Co/Ta multilayer
with interfacial DMI is prepared to demonstrate the thermally
activated nucleation mechanism of skyrmions. For the Pt/Co/
Ta multilayer with a saturated FM state at a perpendicular
magnetic field of 600 Oe, the dominant contribution of the
thermally activated effects is emphasized. The laser-accessible
skyrmions via the thermally activated domain wall motion can
be obtained by both 300 fs and 10 ns lasers when a single
linear polarization fs or ns laser pulse is applied to a Pt/Co/Ta
multilayer sample, as long as the lattice temperature is above
the critical value Ty, (ESI Fig. S47).

Nanoscale, 2024, 16, 3133-3143 | 3137
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Fig. 4 Magnetization structure evolution in amorphous ferrimagnetic TbFeCo films via fs and ns laser manipulation. (a) Three temperature model
calculations for three pulse durations, 300 fs,10 ps, and 10 ns at the films (solid and dashed lines for electronic and lattice temperatures, respectively.
The spin temperature is not displayed), the laser fluence used for the simulation is 13 mJ cm™2. (b) Left: Energy of the four different states as a func-
tion of the uniaxial anisotropy: skyrmion bubbles (dotted green line), stripe domain (dotted orange line), labyrinth domain (dotted blue line) and FM
state (dotted black line). The colored areas mark the different ground state areas. Lab stands for labyrinth domain and Skb stands for skyrmion
bubbles, respectively. Right: Labyrinth and stripe domains in micromagnetic simulation. (c) Simulated behavior of the fs laser pulse action, with equi-
librium temperature stabilized in the skyrmion state, the laser fluence used for the simulation is 13 mJ cm™2. (d and e) L-TEM images of the sky-
rmions and the stripe domains induced by a single 300 fs laser pulse. (f) Simulated behavior of the ns laser pulse action, where the final temperature
is stabilized in the labyrinth domain. The solid dots represent the simulation points, the laser fluence used for the simulation is 14 mJ cm™2. (g and h)
L-TEM images of the labyrinth and stripe domains induced by a single 10 ns laser pulse. The scale bar in (d and e), (g and h) is 5 pm.

But in the centrosymmetric TbFeCo film without DMI, the magnetic state forms even if its energy is lower than that of the
labyrinth domain is generated via the thermally activated labyrinth domain state, because the ns laser does not have the
domain wall motion upon ns laser excitation, where the ns ability to separate the electronic and lattice subsystems and
laser fluence of about 14 mJ cm™ decreases K, to the region excite short-range interaction spins, which is confirmed to be
suitable for the labyrinth domain state (Fig. 4g). No topological necessary for the ultrafast topological spin texture nucleation.

3138 | Nanoscale, 2024, 16, 3133-3143 This journal is © The Royal Society of Chemistry 2024
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Then, the laser fluence is increased further to approximately
17 mJ em ™2 with K, decreased suitably for stripe domain gene-
ration via the thermally activated domain wall motion in the
central area of the laser spot (Fig. 4h). No topological magnetic
state is obtained under different ns laser excitation fluences,
thus signifying the different mechanisms of the unique fs
laser process. The in situ pure temperature-dependent domain
evolution demonstrates a labyrinth domain formation at
500 K, and as the temperature increases the labyrinth domain
becomes denser. Typical spin reorientation occurs near 580 K
and a complete in-plane domain structure is formed above
600 K. No topological magnetic structure appears during the
whole warming process (ESI Fig. S51). Both ns laser excitation
and pure thermal excitation do not result in an observable
topological magnetic state, and together with micromagnetic
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simulation imply that the mechanism for creating topological
spin textures in TbFeCo film is a fast process.

Ultrafast switching behavior induced by fs laser pulses

Skyrmions are generated at random positions under fs laser
excitation in TbFeCo amorphous films. We have measured the
evolution of skyrmion positions perturbed by fs laser pulses.
Fig. 5a-d shows the sequence of images after every single laser
pulse at a laser fluence of 14 mJ cm™>. The high probability of
reproducing the skyrmions with fixed chirality at the same
position after each laser pulse (red and green circles in
Fig. 5a-d) is probably caused by the strong pinning sites
although the shapes are slightly different. Skyrmions are
periodically created and annihilated (yellow circles) or their
chirality is altered (blue circles) after each laser pulse, which is

Fig. 5 Topological spin texture distribution after each single laser pulse and the ultrafast switching between topological trivial and nontrivial mag-
netic states. (a—d) LTEM images taken after successive single laser pulses with the same fluence of 14 mJ cm~2 under 200 Oe field demonstrating
the skyrmions with unchanged chirality and position after several pulses (marked with red and green circles) and periodically created and annihilated
skyrmions (marked with yellow circles) and sometimes chirality of skyrmion can be altered by one laser pulse (blue circles). (e—h) LTEM images taken
after every single laser pulse with the same fluence of 14 mJ cm™2 but alternated magnetic field between 200 Oe and 400 Oe, corresponding to the
generation of skyrmions and saturated FM, respectively. (i—1) LTEM images taken after every single laser pulse with alternated fluence between 14 mJ
cm™2 and 17 mJ cm™2 under 200 Oe field, corresponding to the generation of skyrmions and stripe domains, respectively. The laser pulse has the
same pulse width of 300 fs. The scale bar of 500 nm in (a—d) and 2 pm in (e=h), (i-l).
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also observed at some pinning sites. The pinning strength can
be adjusted by ion irradiation®"**> or geometric restrictions,®
and the tunability of the pinning strength means the tunability
of optical writing and deleting of skyrmions, which anticipates
a pathway for information recording.

The energy of saturated FM state decreases with the
increase of the perpendicular magnetic field; under a single
laser pulse fluence of 14 mJ cm™? and a field of 400 Oe field,
the energy of the saturated FM state is lower than the topologi-
cal magnetic state in the entire laser spot area. Therefore, the
saturated FM state is generated under a single laser pulse
fluence of 14 mJ cm™ and a field of 400 Oe in contrast to the
topological magnetic state generated under the same fluence
laser pulse but a field of 200 Oe. Based on this, the switching
between the saturated FM state and the topological magnetic
state is realized in Fig. 5e-h. The stripe domain is generated
under the higher laser fluence of 17 mJ cm™ and a field of
200 Oe due to the thermally activated motion of the domain
walls, and it should be noted that the initial state will not
affect the final state generated by laser excitation; therefore, we
can realize the pure optical switching between the stripe
domain and topological magnetic state as displayed in Fig. 5i-
1. The magnetic field is applied only during the laser excitation
period and none of the above domains requires a magnetic
field to be maintained. The saturated FM state and stripe
domain state are distinguished from the topological magnetic
state as a topologically trivial state, and the two kinds of
switching, in fact, realize an ultrafast switching between topo-
logically trivial and nontrivial magnetic states.

Conclusions

In summary, we have successfully generated high density zero
field topological spin textures from a saturated FM state by
using fs laser pulses in amorphous ferrimagnetic TbFeCo
films. The intrinsic uniaxial anisotropy contributes to produ-
cing and stabilizing those topological spin textures. The inter-
play between the fs laser pulses and the spin/electrons stimu-
lates the system to different domain thresholds and results in
visible ultrafast evolution into a variety of topological struc-
tures on a ps timescale. From an application viewpoint, the fs
laser induced ultrafast nucleation of skyrmions undoubtedly
represents one of the fastest ways to switch magnetic infor-
mation between the magnetic states of 0 and 1. Furthermore,
the field free room temperature skyrmions and their unique
ferrimagnetic feature to overcome the Hall effect in the sky-
rmions have demonstrated perspectives for low-energy-con-
sumption spintronic applications, which will enable advanced
applications in magnetic devices.

Experimental

Sample preparation and characterization

Pt (3 nm)/Tbys (Fe;5C0,5)ss (20 nm)/Pt trilayer films were
grown on 10 nm-thick Si;N, membrane windows by magne-
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tron sputtering for direct TEM observation and on thermally
oxidized Si wafers to perform physical property measurements,
where the base vacuum pressure of the system was 1 x 107° Pa
and the working pressure of the Ar (5N) gas was 0.5 Pa. The
amorphous TbFeCo alloy layers were deposited via a co-sput-
tering method with Fe,5Co,s and Tb targets, with the alloy
composition being varied by adjusting the sputtering power
for CoFe at a fixed power for Tb. The labeled thicknesses of
the Pt and TbFeCo layers were calibrated via X-ray reflectivity
measurements. The magnetic hysteresis (M-H) loops of the Si-
based samples were measured at various temperatures using a
vibrational sample magnetometer (VSM).

L-TEM observation and laser excitation

The magnetic domain structures were studied using a JEOL
Lorentz TEM (JEOL2100F). The magnetic domain wall con-
trast was imaged using a convergent or divergent electron
beam because of the interactions of the electron beam with
the in-plane magnetization. The under- and over-focal images
were recorded using a CCD camera to extract the phase
images and the quantitative in-plane magnetization com-
ponent was then extracted on the basis of the TIE equation
using QPt commercial software.>® The colors and the arrows
depict the magnitudes and orientations of the in-plane mag-
netization according to the color wheel. Linearly polarized fs
laser pulses at a wavelength of 515 nm and with a pulse dur-
ation of 300 fs were generated using a Spirit solid-state laser,
and the ns laser pulses at a wavelength of 532 nm and with a
pulse duration of 10 ns were generated using an EXPL-532-
2W-E solid-state laser with software-controlled power and
single pulse emission.

TIE analysis

The TIE equation
equations:>

is composed of the following two

2001(x,y,2)

1 Oz = —ny(l(x,y,Z))(I)ny(p(xvyvz))

V. ®(x,),2) = f%(ﬂ X i)t

The first equation represents the relationship between the
intensity I(x,y,2) and the phase ¢(x,),2). 4 is the spectrally
weighted mean wavelength of the illumination. In our experi-
ment, we processed the under-focused and over-focused
images using QPt software to determine the value of dI(x,y,z)/
0Z and obtain the phase information. Then, the in-plane mag-
netization components (M x i) could be found using the
second equation. 7 is the unit vector acting along the beam
direction, M is the magnetization vector, and ¢ is the local
sample thickness. The L-TEM image simulation was carried
out using the software called micromagnetic analysis to
Lorentz TEM simulation (MALTS).>*

Micromagnetic simulation

Micromagnetic simulations were carried out using a three-

dimensional object-oriented micromagnetic framework

This journal is © The Royal Society of Chemistry 2024
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(OOMMEF) code based on the LLG function.?® The size of the
thin plate TbFeCo film for simulation is about 312 x 416 x
6 nm® with periodic boundary conditions in the x-direction
and open boundary conditions in the y-direction. The mesh
size is 2 x 2 x 2 nm®, which is much smaller than the typical
exchange length and the skyrmion size. The material para-
meters were chosen according to the experimental values of
TbFeCo, with a fixed saturation magnetization M = 5 x 10> A
m~" and a perpendicular magnetic anisotropy (PMA) constant
K, varying from 0.05 x 10° J m™ to 0.25 x 10° ] m™>. The
value of the exchange constant A we used was 1 X 107> J m™".
To simulate the minimum energy state under different uniax-
ial anisotropy, we set a series of states that corresponded to
the experiment. The energy of different states is obtained by
plugging in the set parameters, and the minimum energy
state remain unchanged after relaxation to the equilibrium
state. We then changed the PMA, and the minimum energy
states were different for different K,. The evolution of the
magnetic field from the domains was achieved by increasing
the field upon the previously converged magnetization
structure.

Fs and ns laser simulation

To perform a theoretical analysis of the dynamic evolution of
the magnetic structure induced by fs laser pulses that we
observed in our experiments, we used the three-temperature
model (3TM) for sub-100 ps dynamics as described by
Beaurepaire,”® and calculated the laser-induced electron
system temperature T, the spin system temperature T, and
the lattice system temperature 7} using COMSOL
Multiphysics™ software. In addition, the longitudinal temp-
erature gradients (normal to the surface) and the exponential
decay of the source within the material were taken into
account to provide a more accurate simulation. The 3TM
equations read as follows:

OTe
Ce(Te) ot = Gel(Te - TI) - Ges(Te - Ts) + Q(x7 t)
Cs(T5) aaT: = —Ges(Ts = Te) = Ga(Ts = Th)
oT,
CI(Tl)a—tl = —Ge(T1 — Te) — Ga(T1 — Ts)
.6) =094 R pexp| X _577(L
Qlx8) = 0.9, PIma ="\ &

where C), C,, and C; are the specific heats for the lattice, elec-
tron, and spin subsystems, respectively, and the electronic
specific heat C, = yT¢, which is approximated linearly using the
electron temperature T.. In this simulation, we assumed that
Ce = 0.6Y. Ge, Ges, and Gy are the interaction constants for the
electron-lattice, electron-spin, and spin-lattice interactions,
respectively. x represents the direction normal to the surface,
Q(x,t) is the laser source term that includes an exponential
decay in space to consider the absorption in a nontransparent
medium and was calculated based on our pump laser charac-
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teristics with set parameters for the reflectivity R = 0.3, the
penetration depth d = 50 nm, and the pulse duration 6t = 300
fs. F is the fs laser fluence. The thermal constants and the
interaction constants were estimated from ref. 56-58. The rea-
listic optical and thermal parameters for the simulations were
set as follows: Cs = 1.0®, C; = 8.8®, G4 = 0.8®), G, = 1.8®), and
Gq = 0.08®), where @ represents 10° J m™ K™ and ® rep-
resents 10'®* W m™ K. The ns laser excitation was simulated
using the one-dimensional thermal diffusion model
C(T) % = ko ‘3275 + Q(x, t). As per the analysis of the fs laser exci-
tation, the system temperature is the result of the integration
of the penetration depth; the system’s specific heat C = 8.8
here, and k&, = 76.2, which is the thermal conductivity of the
system. Q(x,t) is the same laser source term that was used for
the fs laser excitation.
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