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In synthetic antiferromagnetic multilayers (SAFs), chiral magnetic structures such as spin spirals and
skyrmions have been stabilized at room temperature by precisely tuning the effective perpendicular magnetic
anisotropy, the Dzyaloshinskii-Moriya interaction, and the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interlayer
coupling. In this study, we investigate the dynamics of spin spirals on ultrashort timescales after femtosecond
laser pumping in SAFs. The access to ultrafast magnetization dynamics, inaccessible by conventional optical
techniques due to the zero net magnetization, has been enabled by the use of time-resolved circular dichroism
in x-ray resonant magnetic scattering (CD-XRMS). A pair of two-dimensional x-ray scattering patterns for left
and right elliptical polarization (EL and ER) have been recorded for each delay. In contrast to our previous
findings in ferromagnetic multilayers, the magnetization (EL 4 ER) and dichroism (EL — ER) signals exhibit
notably similar ultrafast dynamics, with demagnetization occurring on a timescale of ~180 fs, followed by
rapid remagnetization within ~500 fs. This similarity in ultrafast dynamics can be attributed to the continuous
rotation of magnetization in the spin spiral of SAFs, which evolves smoothly in space without forming abrupt
domains or alternating domain walls. The ultrafast response and stability in its topological character highlight
the potential of SAF-based chiral magnetic structures for future high-speed, energy-efficient data storage and

4

processing applications.
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Chiral spin textures have gained considerable attention
in recent years following the discovery of the interfacial
Dzyaloshinskii-Moriya interaction (DMI) [1,2]. Such inter-
facial DMI, a form of antisymmetric exchange interaction,
favors a preferred chirality for spin textures and plays a
pivotal role in the formation of skyrmions in nanoscale thin-
film, which paves the way for potential high-density data
storage and in-memory computing applications [3-7]. How-
ever, skyrmions in ferromagnets exhibit several limitations
that hinder their potential use in functional devices. These
include their dependence on nonlocal stray fields for stabi-
lization, resulting in minimal skyrmion sizes of several tens of
nanometers at room temperature, and the necessity for an ex-
ternal magnetic field for their stabilization [8—11]. Moreover,
the skyrmion Hall effect, arising from the finite topological
charge, induces a deflection in their motion along tracks,
which can potentially result in annihilation at track edges
[12-14].

Synthetic antiferromagnets (SAFs), consisting of peri-
odically separated ferromagnetic (FM) layers coupled an-
tiferromagnetically through a nonmagnetic spacer via the
Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction, ex-
hibit minimal stray fields and rapid magnetization precession
relative to FM systems [15,16]. Skyrmions in SAFs, formed
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by two skyrmions with antiparallel spins, offer numerous ad-
vantages over their ferromagnetic counterparts [17,18]. First,
their vanishing magnetization allows for room-temperature
stability and diameters of tens of nanometers without the need
for external fields [19]. Their zero net topological charge elim-
inates the skyrmion Hall effect, enabling a straight trajectory
along the current with velocities near 1000 m/s and enhanced
the thermal skyrmion diffusion [20-22]. Additionally, their
zero net magnetization renders them immune to external mag-
netic fields, though this feature makes such magnetic structure
detection more challenging.

Recent advancements in soft x-ray resonant magnetic scat-
tering (XRMS), with element selectivity, three-dimensional
(3D) spatial-resolved sensitivity, and imaging techniques
using coherence properties of modern light sources, have
opened new possibilities for the study of magnetic multi-
layers [23-25]. XRMS has recently enabled direct access to
key features such as domain-wall types (Néel or Bloch), and
the chirality (clockwise or counterclockwise) of spin textures
[26]. In our previous work [27], the SAF multilayers with a
multilayer period of 2.15 nm, two separate (in Q) peaks appear
for the structural and the magnetic periodicities emerge in res-
onant reflectivity measurements when the x-ray wavelength is
tuned to the core-level L (or K) edges of the magnetic element

©2025 American Physical Society
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FIG. 1. Sample description and experimental geometry.

(a) Sketch of the SAF multilayer stack. (b) The MFM phase map
image displays labyrinthine domains with a magnetic period of
~190 nm after out-of-plane field demagnetization. (c) Experimental
configuration with the incident beams of the linearly polarized
infrared laser pump and the elliptically polarized x-ray probe. A
typical static (d) sum (EL + ER) and (e) difference (EL — ER)
scattering pattern.

[28,29]. We showed that the chirality of our SAF sample
remain stable across a broad temperature range, suggesting
similar temperature dependencies for both the exchange stiff-
ness and the DMI [27,30].

In this study, we investigate the behavior of these chiral
magnetic textures in SAFs at an ultrashort timescale. The
complete SAF stack is Ta (5 nm)/Pt (8 nm)/[Cog4Feq4Bo2
(0.9 nm)/Ru (0.75 nm)/Pt (0.5 nm)]«¢/Al (5 nm), as illus-
trated in Fig. 1(a). This multilayer structure is deposited at
room temperature by magnetron sputtering onto a thermally
oxidized silicon wafer. Each pair of adjacent CoFeB ferro-
magnetic layers is antiferromagnetically coupled through the
Ru spacer with an optimized thickness [19]. In addition, our
multilayered sample is engineered with the DMI that enforces
a Néel texture and a near-zero effective anisotropy, thereby
stabilizing Néel type (cycloidal) spin spirals in each CoFeB
layers. After demagnetization by an out-of-plane magnetic
field, the MFM phase map reveals labyrinth domains, as
shown in Fig. 1(b). However, the stray field from the SAF
is orders of magnitude smaller than in an FM, so the MFM
image is acquired in vacuum to increase the sensitivity of the
measurement.

The time-resolved experiments are carried out tak-
ing advantage of the recent possibility of the FERMI
free-electron laser (FEL) light source to deliver a high

flux of elliptical polarized x rays (~43% of circular
polarization) up to Fe Ls-edges (707 eV) as described in [32].
In the pump-probe experiment, a 795-nm wavelength infrared
(IR) pump laser (300 x 300 um? spot size) and x-ray probe
(250 x 250 p.m2 spot size) with both 50 fs (FWHM) pulse
duration have been synchronized and spatially aligned in the
DiProl beamline of FERMI [33]. The experimental setup for
the scattering experiment is shown schematically in Fig. 1(c).
To establish resonant scattering conditions in SAFs, the FEL-
2 line uses nonlinear harmonic generation to reach the Fe
Ls-edge, which exhibits magnetic scattering contrast arising
from the x-ray magnetic circular dichroism (XMCD) effect.
Due to the strong ferromagnetic exchange coupling between
Fe and Co moments, the Fe sublattice dynamics reflect the
magnetic behavior of the CoFeB layer. The diffuse scattering
pattern is detected on a two-dimensional (2D) charge-coupled
device (CCD) detector. Figures 1(d) and 1(e) show the static
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FIG. 2. Scattering pattern evolution with delay time. Scattering
patterns for the sum (a)-(d) EL 4+ ER and (e)—(h) the difference
EL — ER images for the initial, 4+0.35 ps, +1.5 ps, and 420 ps
states. Gaussian filtering was applied to all images to improve
visualization.
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FIG. 3. Evolution of the time-resolved XRMS signal during the first 5 ps. (a) The radial profiles of the sum EL + ER. (b) The orthoradial
dichroic profiles (EL — ER). (c) The intensity of integrated scattering rings (EL + ER) and dichroism (EL — ER) is normalized to their values
during negative time delays. The insert shows the time delay in log scale. (d) The asymmetry ratio (EL — ER)/(EL + ER) is analyzed over
the first 5 ps (black diamonds). In contrast to the chiral FM multilayers (green triangles) studied by Léveill€ et al. [31], which exhibit an
asymmetry ratio below unity within 2 ps, the SAF maintains a constant ratio close to 1. The error bar is determined from signal background

processing and fitting errors.

magnetic scattering patterns, which have a ring shape related
to a spin spiral period of ~190 nm. These patterns can only be
observed in Qpage/2 or odd multiple incident angle position
due to the antiparallel period multilayer structure [27]. From
the orthoradial profile of the difference pattern [Fig. 1(e)], we
confirm that the counterclockwise (CCW) Néel type magnetic
textures are stabilized as expected [26]. Pumped by the IR
laser with a fluence of 5.2 mJ/cm?, a series of scattering pat-
terns using elliptical left and right (EL and ER) x-ray probes
is acquired. The scattering patterns of the sum (EL + ER)
and the dichroic (EL — ER) signal at selected time delays are
shown in Fig. 2. At 40.35 ps [Figs. 2(b) and 2(f)], the intensity
of both signals has significantly decreased compared to their
initial states [Figs. 2(a) and 2(e)], followed by a noticeable
partial recovery in both signals thereafter [Figs. 2(c), 2(g),
2(d), and 2(h)].

The sum signal is analyzed by integrating the radial pro-
file, removing the background, and fitting it with a Gaussian
function [31,34,35], showing a strong decrease in amplitude
after IR pumping, as shown in Fig. 3(a). The orthoradial
profile is fitted with the sine function within the exchanged
momentum interval 0.02 to 0.05 nm~! of the dichroic signal,
as shown in Fig. 3(b). Figure 3(c) compares the magnetic and

chiral order dynamics in the SAFs, where the sum (EL + ER)
derived from the Gaussian fit amplitude (red curve) and the
difference (EL — ER) obtained from the sine fit amplitude
(blue curve). These curves exhibit a typical signature of ul-
trafast demagnetization in our multilayer sample: an initial
quenching of the magnetization to a minimum value within a
few hundred femtoseconds, followed by a rapid recovery over
several picoseconds. In Fig. 3(d), we show the normalized
asymmetry ratio (EL — ER)/(EL + ER) as a function of time.
It is important to note that this ratio remains close to unity, in-
dicating that the ultrafast dynamics of both magnetization and
chirality remain essentially the same at an ultrafast timescale.
Compared to the results reported by Léveillé ef al. [31] for
Co/Pt FM multilayers with chiral spin structures [green tri-
angles in Fig. 3(d)], which exhibit an asymmetry ratio below
unity within 2 ps, SAFs exhibit no discernible difference be-
tween the dynamics of magnetization and dichroism, given
the limitations of the signal-to-noise ratio. This can be ex-
plained by the absence of well-defined magnetic domains and
domain walls in the spin spiral structure [26,31]. So, under the
ultrafast demagnetization mechanism driven by hot electrons,
both dichroism and magnetization signals display the same
ultrafast behavior.
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FIG. 4. Ultrafast demagnetization of scattering intensity, calcu-
lated as the square root of the measured intensity [Fig. 3(c)], fitted to
the three-temperature model within the range of —5 ps to 420 ps.

Considering the quadratic relationship between magnetic
X-ray scattering intensity and magnetization [35], the charac-
teristic timescales were extracted by fitting the square root of
the intensity using the three-temperature model [36], which
describes the intensity as the convolution of exponential func-
tions with a Gaussian function associated with the FEL time
resolution, as shown below:

(Artg — AITM)e_Af/TM

AM [1 N ( —A;
M©O) VAt + 1
n £(Ay —Az)e_A,/,E

TE — M

T — Tm
)e(m)] @T(A1). (1)

The M(0) is the initial magnetization level; A; is the
amplitude of the partial recovery after the electrons, spins,
and lattice have reached thermal equilibrium; A, is propor-
tional to the initial electron temperature rise, describing the
initial magnetization quenching; tj, is the time constant of
demagnetization; tg is the electron-phonon relaxation time,
characterizing the fast recovery of magnetization; and 7y is a
characteristic time describing cooling by heat diffusion. 6 (At)
and I'(At) stand for a Heaviside and a Gaussian function. The
latter mimics the limited experimental time resolution due to
the finite length of the x-ray and IR pulses. Here, the time
resolution is Vo, + 0% ~ 71 fs. As shown in Fig. 4, after
the ultrafast quenching reaches a maximum of around 350 fs,
the ultrafast recovery takes place in the next few ps. Both the
sum and difference signals exhibit a demagnetization time of
180 £ 5 fs and a recovery time of 500 = 20 fs.

The ultrafast dynamics in spin spiral SAFs differ signifi-
cantly from those in FM multilayers. In Co/Pt multilayer FM
chiral systems, the demagnetization time is 390 £ 100 fs, and
the fast recovery time is around 2000 4= 1000 fs [34,35]. In
contrast, SAFs exhibit faster timescales. Accounting for the
negligible influence of different magnetic textures on the char-
acteristic timescale of ultrafast dynamics as shown in [37,38],
we can therefore attribute, in agreement with [39], this faster
timescale to the antiferromagnetic coupling of sublattices in
SAFs, leading to accelerated spin dynamics and increased
spin scattering and transport processes, which enhance
demagnetization.

In summary, our time-resolved XRMS experiments on spin
spiral SAF multilayers have uncovered ultrafast dynamics that
are notably different from those in ferromagnetic multilayers.
By employing a linearly polarized IR pump and an elliptically
polarized x-ray probe, we captured 2D x-ray scattering pat-
terns and analyzed both the sum (EL + ER) and difference
(EL — ER) signals to trace the evolution of magnetization and
chirality at subpicosecond timescales. The SAF multilayers
demonstrated a rapid demagnetization time of approximately
180 fs, followed by a recovery of approximately 500 fs, which
is significantly faster than FM. The consistency of the ultrafast
dynamics in both magnetization and chirality signals supports
a demagnetization mechanism driven by hot electrons.
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