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utilizing magnetic dichroism sensitivity. In addition to being more
compact and more accessible than large-scale x-ray facilities such
as x-ray free-electron lasers (XFELs) and synchrotrons, table-top
sources offer several unique advantages over them, particularly
extremely short pulse duration [2,3], broad bandwidth (BW),
and controllable spin [4–6] and orbital angular momentum [7,8].
Therefore, high-brightness HHG light sources [9–11] potentially
serve as a unique laboratory-scale tool for the frontier of spintronic
applications. Owing to its high spatial coherence, HHG radiation
has been used for imaging of nanostructures with a large-scale
view [12–14], magnetic imaging with diffraction-limited spatial
resolution, and enhanced magnetic contrasts using holographic
methods [15]. Furthermore, the extended degree of the control of
spin [4–6] and orbital angular momentum [7,8] of HHG pulses
via the manipulation of driving lasers provides the unique abil-
ity for resolving and controlling the magnetic and topological
excitations of magnetic textures. Most importantly, HHG pulses
enable femto-to-attosecond temporal resolution [2,3] for observ-
ing novel light-spin control phenomena in the unexplored sub-fs
temporal regime [16]. The broad spectral BW of HHG spans
the characteristic M- and N-absorption edges of transition tetals
(TM) and rare-earth (RE) elements that exhibit magneto-optical
activity. Resonant x-ray probing at these edges [17] provides access
to an element-specific [18] mapping of magnetic states and allows
tracing their evolution in time.

Despite the numerous proof-of-concept demonstrations
using HHG sources, all of the previous studies were focused on
TM ferromagnets [19]. In contrast, recently developed magnetic
nanostructure materials are based on ferrimagnetic/multiferroics
multicomponent systems associated with RE [20–22] and are
promising candidates for future storage and information process-
ing spintronic devises owing to their nanometer size, fast speed,
efficient driving dynamics, and topological protected stability
[23]. Spontaneous emergence of magnetic order in nanoscale
and mesoscale structures has been observed in TM-RE systems
using x-ray scattering and diffraction techniques, and they play an
important role in a variety of macroscopic phenomena in magnetic
materials. Such heterogeneity of magnetic states in an otherwise
spatially homogeneous material is a result of a complex interplay
between electron spins and other degrees of freedom (electron
orbitals and lattice). In particular, it has been shown that, after
femtosecond laser irradiation, the exchange-coupled magnetic
sublattices of particular TM-RE systems exhibit distinct magneti-
zation dynamics of the constituent magnetic moments [20,24] and
transfer of spin angular momentum between different sublattices
[25], as well as between nanoscale spatial regions [26], which leads
to a deterministic switching of sample magnetization on the fem-
tosecond time scale [24,27]. Such space- and element-dependent
ultrafast spin dynamics have been observed in, but not limited to,
CoTb [25], (FeCo)Gd [28], and FeTb [29]. Furthermore, great
progress has already been made in manipulating and detecting
new structures, such as chiral textures and skyrmions. Recently,
ultrasmall skyrmions (∼10 nm) with fast dynamics at room
temperatures in a compensated ferrimagnet have been resolved
with time-resolved x-ray microscopy [23]. Since all these studies
have relied on short wavelength x-ray probes at large-scale x-ray
facilities, the development of novel x-ray techniques for element
selective mapping of spin configurations and their fast reordering
processes has still been a subject of intense research in the physics of
magnetism over the last 10 years [1].

Soft-x-ray resonant magnetic scattering (XRMS) is a powerful
x-ray technique combining diffraction with absorption spectros-
copy that provides access to the complex charge, spin, and orbital
orderings in materials [15]. It arises from an enhanced scattering
amplitude when the incoming x-ray photon energy reaches the
absorption edges of the constituent elements. XRMS is sensitive
not only to magnetization distributions in the form of conven-
tional domains but also to chiral spin texture structure [30,31],
with spatial sensitivity down to few-nm scales [15]. Therefore,
it can provide information unattainable through conventional
visible [32], x-ray microscopy techniques and neutron scattering
techniques. However, compared to spectroscopic methods, res-
onant magnetic scattering requires orders of magnitude higher
photon flux because of the relatively low (∼10−(5∼6)) scattering
cross section in the x-ray spectral range [33], which imposes a
significant challenge for the application of HHG sources for these
types of scattering experiments. Another fundamental bottleneck
is the cross-contamination of the peaks (e.g., M edge of TM and O
edge of RE) in complex multicomponent TM-RE systems at low
x-ray photon energies [34], where the many-body corrections and
local field effects are of crucial importance. It worth to note that
high-energy and high-flux XFELs allow precise measurement of
magnetic scattering in a large momentum space, which leads to
high spatial resolution, but the applications are limited by the cost
and available beamtime. For an HHG-based instrument, to image
the laser-induced nanoscale spin dynamics and the transfer in
association with the magnetic sublattices in TM-RE ferrimagnets,
it is crucial to extend HHG photon energy to cover the inner-shell
absorption edges of 4d RE ferrimagnets (Gd, Tb, and Dy). While
considerable progress has been made to extend the phase-matched
HHG cutoff with longwave driver pulses from optical parametric
amplifiers (OPAs) [35–41], it came at the expense of efficiency
in the soft x-ray spectral range because scaling the wavelength of
the driver pulses (λL ) reduces the single-atom HHG yield [42] to
λL

5.5±0.5, and because of the low conversion efficiency of OPAs
(10%–20%). On the other hand, the recent development of
novel Yb laser sources [43–45] is showing great potential for next-
generation driver technologies of HHG, owing to the advantages
of high power scaling, robustness, and compactness. A proof-of-
concept HHG source using a high-repetition-rate Yb fiber driver
has been demonstrated [46]. A novel energic multidimensional-
solitary states (MDSS)-based post-compression technique has
been discovered, showing huge potential to further scale the per-
formance of Yb lasers [47]. Nevertheless, so far, spatiotemporally
resolved element-specific probing of RE magnetic systems in the
soft x-ray spectral range has remained inaccessible with table-top
HHG sources.

In this work, we demonstrate, for the first time, time-resolved
XRMS (tr-XRMS) based on a high-brightness Yb-based HHG
source at the N4,5 edges of RE elements, which corresponds to
a dipole allowed 4d -to-4 f transition. This high-brightness soft
x-ray source is accomplished by directly driving the HHG proc-
ess in the optimally phase-matched regime in helium by using a
power scalable, kHz, high-energy, 1030 nm, Yb laser system with
a peak power of 0.3 TW. The HHG cutoff reaches up to 220 eV,
and the phase-matched broadband plateau of the high-brightness
HHG source with record flux (>2 × 109 photons/s/1% BW)
is especially suitable for the photon demanding tr-XRMS at the
N4,5 edges of REs (Gd, Tb, and Dy). Furthermore, the relatively
long propagation distance of the nearly quasi-plane-wave driver
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gas-cell length and find that the HHG flux saturates when the
length is larger than 20 mm, indicating the absorption-limited
HHG condition [51]. As shown in Fig. 2(e), we observe a flat-top
spectrum covering the broad spectral range up to a cut-off energy
of ∼220 eV. This value is in excellent agreement with the predicted
HHG phase-matching cutoffs for λL = 1030 nm [11]. Compared
to previous experiments [46,52], the high peak intensity of the
driving laser here allows us to use a loose focusing geometry and
relax the requirements on the phase-matching pressure.

To verify the advantages of our generation strategy for obtain-
ing a high photon flux within the range of the N4,5 edges of RE
elements, we experimentally compare the conversion efficiency
of our approach: (i) λL = 1030 nm in helium with two other
generation schemes based on OPAs: (ii) λL = 1500 nm in neon,
and (iii) λL = 2400 nm in argon. We adjust the peak power,
pulse duration, and focusing geometry of the driving laser in every
case to reach the same cut-off energy. For gases with a lower ion-
ization potential, it is essential to use a long-wave driver pulse to
stay below the critical ionization level. The backing pressure of
the gas medium is also optimized to obtain phase-matched and
absorption-limited HHG. The absolute HHG flux right after
the gas cell for case (i) (λL = 1030 nm in helium) is estimated
under diffraction geometry by considering the known efficiency
of the CCD (Andor Newton 920), the transmission of the 500 nm
zirconium filter (∼15%), and BW and efficiency (∼3%) of the
EUV multilayer mirrors. The photon fluxes for the other condi-
tions are then calculated according to the relative spectral intensity
measured using the same spectrometer. Conversion efficiency is
then calculated by considering the input pulse energy in each case
(see Supplement 1). The experimentally measured conversion effi-
ciencies for the three different approaches are plotted in Fig. 3(a),
showing that our method [(i) λL = 1030 nm in helium] yields the
highest conversion efficiency throughout the 100 ∼ 200 eV range
of interest, which is supported by our simulations shown in Fig.
3(b).

For the phase-matched HHG, absorption-limited conversion

efficiency can be described as ξq = λL
−n|

Aq

σ
|2 [51], where Aq is

the amplitude of the single-atom recombination cross section at
the harmonic frequency ωq , λ−n

L represents wavelength scaling
due to the electron wave packet diffusion during its free-space
excursion, with n = 5.5 ± 0.5 [42], and σ is the x-ray absorption
cross section. As shown in Fig. 3(c), the longest electron wave
packet excursion occurs for argon with λL = 2400 nm, which
leads to a significant reduction in recombination probability
for case (iii) [11]. In contrast, the single-atom responses for (i),
λL = 1030 nmin helium, and (ii), λL = 1500 nm in neon, are
similar since the stronger wave packet diffusion for the longer λL

is compensated for by the larger recombination cross section asso-
ciated with the larger ionic core of neon in case (ii). Summarizing
the above discussion of microscopic single-atom response, the
expected HHG efficiency is similar for both helium and neon.
Nevertheless, macroscopic propagation changes the situation in
favor of helium because its x-ray absorption cross section (σ ) is
one order of magnitude lower than neon at the energy of 200 eV
[Figs. 3(a) and 3(b)]. For a fixed driver pulse duration, this simple
model suggests a straightforward recipe for reaching the highest
flux at a target x-ray photon energy located in a resonance-free
plateau region of the harmonic spectrum in the vicinity of the
cutoff. The highest efficiency is achieved using helium driven by
the shortest laser wavelength capable of reaching the corresponding

Fig. 3. High brightness of HHG directly driven by compressed 1030-
nm-wavelength laser pulses. (a) Measured and (b) simulated conversion
efficiencies of HHG in the 100 ∼ 200 eV spectral range generated in
(i) helium with λL = 1030 nm, (ii) neon with λL = 1500 nm, and (iii)
argon with λL = 2400 nm. The peak power, pulse duration and focusing
geometry are adjusted to yield the same cut-off energy of the spectra. The
conversion efficiencies in (a) and (b) are all normalized to the conversion
efficiency in case (i) at ∼200 eV. (c) Simulated cut-off trajectories for
the three cases shown in (a) and (b). The radii of the trajectories linearly
increase with the excursion time, symbolizing wave packet spreading.
The more efficient single-atom response for 1 µm in helium is due to
reduced electron wave packet (EWP) spread caused by the shorter wave-
length driving field. (d) Overview of the experimentally generated HHG
flux in photons per shot per 1%BW above 100 eV in helium (squares)
[35,38,41,46,53], neon (circles) [36–38,40,46,54,55], and argon (tri-
angles) [56]. The driving field wavelength (λL ) is illustrated by marker
colors. The repetition rate of HHG is at ∼100 kHz for open symbols, at
10 ∼ 50 Hz for the half-filled symbols, and at ∼1 kHz for the fully filled
symbols.

semi-classical cutoff, given that the laser pulse intensity is sufficient
to sustain a phase-matched HHG regime.

In Fig. 3(d), we show that, owing to the high conversion effi-
ciency for the HHG driver wavelength of 1030 nm in helium,
we achieve the highest flux of 2 × 109 photons/s/1%BW at
200 eV (see Supplement 1). Unlike most previous experiments
summarized in Fig. 3(d), in which λL -dependent cut-off exten-
sion was studied, our method is free of additional energy loss due
to the absence of parametric frequency conversion. Reviewing
HHG results with direct laser driving at different wavelengths,
it must be noted that with laser pulses of λL = 800 nm from a
Ti:sapphire amplifier, it is possible to extend the cutoff beyond
200 eV by employing sub-10 fs driver pulses [55] or using quasi-
phase-matching techniques [54]. However, in these situations,
ionization-induced phase mismatch quickly outruns the disper-
sion contribution of neutral atoms, making macroscopic phase
matching very challenging [57]. In contrast, in our experiments
with driver pulses of λL = 1030 nm, we significantly suppress
the ionization of helium, thus facilitating phase matching. The
estimated ionization fraction is below 0.38%, while the critical
ionization of helium is 0.4%. We also note that a photon flux
>109 photons/s/1%BW is not necessarily rare at photon energies
<100 eV, which can be readily used for tr-XRMS studies on the
low-energy M2,3 edges of TM elements [58].
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B. First tr-XRMS Measurement Covering the

N Edge of RE

In previous studies, owing to the rapid development of ultra-
fast x-ray sources, time-resolved element-specific absorption
spectroscopy and resonant scattering measurements were used
for studying ultrafast demagnetization in ferro- and ferrimag-
netic alloys or multilayers. By probing on different magnetic
elements, distinct laser-induced magnetic dynamics were revealed,
owing to the exchange interaction and transfer of spin angular
momentum between elements. López-Flores et al. studied the
ultrafast demagnetization in Co-RE alloys (RE = Gd, Tb) using
a femtosecond-slicing source covering the M4,5 edges of RE ele-
ments, and showed that the demagnetization dynamics are element
and composition dependent [25]. On the other hand, Merhe et
al. studied the ultrafast demagnetization and changes in domain
structure in CoTb alloys by covering the low-energy O1 edge of
Tb [59] using a similar source. Their results presented evidence
for domain-wall broadening, while, more interestingly, they
reported a faster demagnetization time compared to Ref. [25],
which implies that different dynamics may depend on the probing
photon energy. More recently, by covering the M5 edge of Tb,
Ferté et al. reported ultrafast demagnetization of CoTb alloys by
hot-electron excitation [60]. Besides the above results, dynamics of
the magnetic domains have been studied by covering the M3 edges
of TM elements in Co/Pd and Co/Pt multilayers, but they have
yielded very different behaviors [48,49]. We note that most of the
above experiments were performed using XFELs, and that results
on the N4,5 edges of RE elements are still absent, to the best of our
knowledge.

The concept of HHG-based tr-XRMS for temporally and spa-
tially resolving spin dynamics at the N4,5 edges of RE elements is
illustrated in Fig. 4. One important advantage of this method is the
ability to use linearly polarized HHG to retrieve high-quality x-ray
magnetic circular dichroism (XMCD)-related information from
the magnets. Indeed, the production of circularly polarized HHG
requires additional rather complex driver setups. It also requires
very high purity of the circularity of the driver laser pulses, because
any imperfection of the circularity from the fundamental driver
beam will be enhanced and transferred into the generated circularly
polarized x-ray beam in the soft x-ray regime [61]. The underlying
fundamental physical processes of using linearly polarized x-ray
light to enable strong magnetic contrast is illustrated in Fig. 4. It
can be intuitively understood in terms of these different scattering
amplitudes ERC,LC for the opposite helicity circular components
that form the linearly polarized beam, or in other words, linearly
polarized x-ray light can be seen as the superposition of two oppo-
site helicities (right circularly and left circularly polarized x-ray
light) that are differently scattered by magnetic domains depend-
ing on the magnetization orientation [15] (see Supplement 1). The
quantitative clarification of the physical origin of XRMS by using
circularly polarized x-ray light and its link to the conventional
XMCD measurements have already been developed using an
eigenwave formalism [62]. The actual refractive indices and their
energy dependence with linearly polarized x-ray light around a core
level are calculated by following a classical description of Maxwell
equations and a permittivity built from the quantum scattering
amplitude [62]. The inference of the x-ray beam encoding with
different refractive index information will form a scattering pattern
in the far field, which can be characterized through the scattering

Fig. 4. Illustration of the physical mechanism of XRMS at the N4,5

edges of REs using linearly polarized soft x-ray HHG source. The linearly
polarized x-ray light can be regarded as the superposition of two circularly
polarized light fields with opposite helicities. At the absorption edge
of the element, the magneto-optical effect can be analogous to circular
dichroism in absorption. The magnetic nanodomain structure of the
sample can be approximated by a grating in which the transmission of
each domain depends on the relationship between the orientation of the
magnetic moment and the helicity of the incoming beam.

vector, applied light field, and spectral dependences in recipro-
cal space. We note that the diffraction patterns come from the
leading term for XRMS, (e f × e0) · m, where e0 and e f represent
the polarization unit vectors of incident and scattered light,
respectively, and m is the sample magnetization [59,63] (see
Supplement 1).

Here, we carry out the first table-top tr-XRMS measurements,
reaching the N4,5 edges of Tb, in a CoTb sample prototypical of
TM-RE ferrimagnetic alloys. The sample is a 50 nm film grown
on a Si3N4 membrane and exhibiting an out-of-plane magnetic
anisotropy with a striped domain structure. We note that, even
though the N4,5 edges of Tb are tabulated at 150.5 eV, defining
the absorption threshold of the 4d to 4 f transition, the highest
diffraction efficiency occurs at the energy of ∼155.5 eV, which was
confirmed by measurements on the same samples at the SOLEIL
synchrotron and also by previous experiments with higher-energy
resolution [50] [see Fig. 5(a), and Supplement 1]. As a result, a
concave multilayer mirror with a central energy of ∼155 eV and a
5-eV-wide BW was selected to focus the harmonic beam onto the
ferrimagnetic prototype sample.

The measured static XRMS pattern of the sample is shown in
Fig. 5(c). Through XMCD sensitivity [59,63], the alternating
oppositely magnetized domains [Fig. 5(b)] effectively serve as a
diffraction grating for the incident linearly polarized soft x-ray
beam set at a resonant wavelength of ∼8 nm, which can be decom-
posed as two circularly polarized fields with opposite helicities,
giving rise to the clear plus-and-minus first-order diffraction peaks
in the far field. We simulate the scattering intensity by using a
resonant wavelength of Tb N4,5 edges (∼8 nm) with a 0.8 nm
BW with a normalized mutual coherence factor of one, which
describes the internal correlations between the wavefront phases of
the beam at different locations [Fig. 5(d)]. The obtained real-space
stripe-like diffraction pattern from the simulation consists of two
well-defined diffraction spots, which have good agreement with
the experimentally measured XRMS pattern. The agreement is not
only because of the small wavelength of the x ray but also because of
the longitudinal coherence (monochromaticity) of the beam. For
phase-resolved applications, such as large-scale view nanoimaging
[12–14], and enhanced magnetic contrasts using holographic
methods [15], spatial coherence is also important. Note that since
HHG is an “electron recollision” process in the microscopic picture
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scale, we find that sample magnetization does not recover even at
∼100 ps after pump excitation, which has been typically observed
in many ferro- and ferrimagnetic materials containing RE elements
[59,67–69].

As shown in Fig. 6(c), the momentum transfer (k) in the x
direction is reduced by ∼3% in ∼10 ps after pump laser excitation
(see Supplement 1). We note that the decay of 1/k is much slower
than the sample demagnetization (M(t)/M0) and can be approx-
imated as a linear decrease as a function of time. If we assume that
the shift of the scattering peaks is correlated to the expansion of the
domain periodicity, the slope of the change yields a velocity for the
domain walls of ∼750 m/s. In past works, the dynamics of mag-
netic domain structures in ferromagnetic multilayers, containing
TM elements, have been studied with tr-XRMS with HHG and
XFEL sources [48,49,59]. Different materials and compositions
yield different dynamics: it was found that the magnetic domains
in Co/Pd multilayers remain mostly unaffected by laser-induced
demagnetization [48], while the variation of magnetic domains
coincides with the demagnetization dynamics in Co/Pt multilayers
[49]. In particular, Pfau et al. reported the softening of the domain
wall owing to the ultrafast spin diffusion process, which results in
an almost simultaneous shift of the momentum transfer accom-
panied by the demagnetization dynamics [49]. Our results here,
however, show a much slower domain dynamic, indicating that the
ultrafast spin diffusion is unlikely to be the driving mechanism.

On the other hand, Merhe et al. suggested that the decrease in
uniaxial anisotropy in CoTb alloys after the laser-induced lattice
heating may be responsible for the domain-wall expansion [59].
However, this does not occur in the first 4 ps, until the lattice is
heated up, which is obviously different from what we observe
here. The discrepancy between our observation and previous
results indicates that the domain dynamics here must be driven
by a different mechanism, which could be material, composition,
and possibly probing energy dependent. More experiments and
sophisticated theoretical modeling will have to be developed in
the future to give a better understanding of the ultrafast spatial
dynamics of magnetic domains in TM-RE ferrimagnetic systems.
The tr-XRMS system based on our high-brightness and high-
energy HHG soft x-ray source could provide a valuable platform to
perform such studies.

3. DISCUSSION AND CONCLUSION

We experimentally and theoretically investigate a HHG scheme
for spintronic applications that provides a soft x-ray beam with low
divergence (<2 mrad), outstanding spatial coherence, and record
photon flux (>2 × 109 photons/s/1% BW) up to >200 eV. This
soft x-ray HHG source enables us to perform tr-XRMS measure-
ments on a CoTb ferrimagnetic alloy, reaching the N4,5 edges of Tb
for the first time. According to the experimental results, we observe
laser-induced ultrafast demagnetization on femtosecond time
scales, as well as a shift of scattering peaks that indicates dynamics
in the domain structure, indicating the rich driving mechanisms of
RE-associated multicomponent systems. We note that, before our
work, similar experiments could be carried out only at XFELs and
femtosecond-slicing facilities. Our results suggest that, by avoiding
the cross-contamination of low energy absorption edges in multi-
element systems, N edges can provide high-quality core-level
magnetic information of TM-RE systems.

The scheme of the demonstrated generation method in the
wavelength of 5 ∼ 8 nm can provide new possibilities for realizing

ultrafast spin manipulation and ultrafast imaging of magnetic
nanostructures [66,70]. This is important for building functional
skyrmion devices that can be written, read, manipulated and erased
in a deterministic way in the future [71], and this will open new
opportunities for electrically controlled topological electronics
and spintronics. Furthermore, the unique capability of generating
attosecond soft x-ray pulses with high brightness will pave the way
for observing sub-femtosecond all-optical spin control in a much
wider variety of magnetic materials [16].

Today, the new high-power ultrafast Yb laser technology is
emerging rapidly. Yb-based fiber- [43], slab- [44], and thin-disk
[45] lasers at several hundred or even kilowatt average power are
becoming commercially available. Novel nonlinear compression is
drawing significant research efforts to boost further the sub-ps Yb
laser performance (in terms of peak power, duration, wavelength),
e.g., solitons in periodic layered Kerr media with high compactness
accompanying self-cleaning of the beam [72], and energic multidi-
mensional solitary states (MDSS) in the HCF enabling unexpected
compression factors and sufficient wavelength tunablity [47].
Considering such newly achieved driver technology, the photon
flux of HHG can be further scaled by another several orders of mag-
nitude in the soft x-ray spectra range, accompanied by a compact
and robust architecture. The high-performance table-top HHG
source will continue to be at the forefront of many scientific break-
throughs, opening doors in exciting interdisciplinary research in
vavious fields, including condensed matter physics, life sciences,
and nanotechnology [12].
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and A. Baltuška, “Bright coherent ultrahigh harmonics in the keV x-ray

regime frommid-infrared femtosecond lasers,” Science 336, 1287–1291

(2012).

12. D. F. Gardner, M. Tanksalvala, E. R. Shanblatt, X. Zhang, B. R. Galloway,

C. L. Porter, R. Karl, Jr., C. Bevis, D. E. Adams, H. C. Kapteyn, M. M.

Murnane, and G. F. Mancini, “Subwavelength coherent imaging of peri-

odic samples using a 13.5 nm tabletop high-harmonic light source,” Nat.

Photonics 11, 259–263 (2017).

13. J. Miao, T. Ishikawa, I. K. Robinson, and M. M. Murnane, “Beyond crys-

tallography: diffractive imaging using coherent x-ray light sources,”

Science 348, 530–535 (2015).

14. N. X. Truong, R. Safaei, V. Cardin, S. M. Lewis, X. L. Zhong, F. Légaré,

and M. A. Denecke, “Coherent tabletop EUV ptychography of

nanopatterns,” Sci. Rep. 8, 16693 (2018).

15. J. B. Kortright, S.-K. Kim, G. P. Denbeaux, G. Zeltzer, K. Takano, and

E. E. Fullerton, “Soft-x-ray small-angle scattering as a sensitive probe of

magnetic and charge heterogeneity,” Phys. Rev. B 64, 092401 (2001).

16. F. Siegrist, J. A. Gessner, M. Ossiander, C. Denker, Y. P. Chang, M. C.

Schröder, A. Guggenmos, Y. Cui, J. Walowski, U. Martens, and J. K.

Dewhurst, “Light-wave dynamic control of magnetism,” Nature 571,

240–244 (2019).

17. S. Valencia, A. Gaupp, W. Gudat, H.-C. Mertins, P. M. Oppeneer, D.

Abramsohn, and C. M. Schneider, “Faraday rotation spectra at shallow

core levels: 3p edges of Fe, Co, and Ni,” New J. Phys. 8, 254 (2006).

18. E. Turgut, J. M. Shaw, P. Grychtol, H. T. Nembach, D. Rudolf, R. Adam,

M. Aeschlimann, C. M. Schneider, T. J. Silva, M. M. Murnane, and H.

C. Kapteyn, “Controlling the competition between optically induced

ultrafast spin-flip scattering and spin transport in magnetic multilayers,”

Phys. Rev. Lett. 110, 197201 (2013).

19. E. Beaurepaire, J.-C. Merle, A. Daunois, and J.-Y. Bigot, “Ultrafast spin

dynamics in ferromagnetic nickel,” Phys. Rev. Lett. 76, 4250–4253

(1996).

20. T. A. Ostler, J. Barker, R. F. L. Evans, R. W. Chantrell, U. Atxitia, O.

Chubykalo-Fesenko, S. El Moussaoui, L. B. P. J. GuyaderLe, E.

Mengotti, L. J. Heyderman, and F. Nolting, “Ultrafast heating as a

sufficient stimulus for magnetization reversal in a ferrimagnet,” Nat.

Commun. 3, 666 (2012).

21. S. Mangin, M. Gottwald, C.-H. Lambert, D. Steil, V. Uhlíř, L. Pang,
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