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Ultrafast Demagnetization Excited by Extreme 
Ultraviolet Light From a Free-Electron Laser

André Philippi-Kobs1,2✉, Leonard Müller1,3, Magnus H. Berntsen1,4✉, Wojciech Roseker1,

Matthias Riepp1, Kai Bagschik1,2, Jochen Wagner2, Robert Frömter2, Miltcho Danailov5, Flavio 
Capotondi5, Emanuele Pedersoli5, Michele Manfredda5, Maya Kiskinova5, Michal Stransky6, 

Vladimir Lipp7, Andreas Scherz8, Beata Ziaja7,9, Hans Peter Oepen2, Gerhard Grübel1

Ultrashort and intense extreme ultraviolet (XUV) and X-ray pulses readily available at free-
electron lasers (FELs) enable studying non-linear light−matter interactions on femtosecond 

timescales. Here, we report on the non-linear fluence dependence of magnetic scattering of 

Co/Pt multilayers, using FERMI FEL’s 70-fs-long single and double XUV pulses, the latter with 
a temporal separation of 200 fs, with a photon energy slightly detuned to the Co M2,3 absorption 

edge. We observe a quenching in magnetic scattering that sets-in already in the non-
destructive fluence regime of a few mJ/cm² typically used for FEL-probe experiments on 

magnetic materials. Calculations of the transient electronic structure in tandem with a 

phenomenological modeling of the experimental data by means of ultrafast demagnetization 
unambiguously show that XUV-radiation-induced demagnetization is the dominant mechanism

for the quenching in the investigated fluence regime of < 50 mJ/cm², while light-induced 

changes of the electronic core levels are predicted to additionally occur at higher fluences. The 

modeling of the data further indicates that the demagnetization proceeds on the sub-20-fs
timescale. This ultrashort timescale is consistent with non-coherent models for ultrafast 

demagnetization, considering the sub-femtosecond lifetime of hot electrons with energies of a 

few 10 eV generated by the XUV radiation.
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Free-electron lasers (FELs) enable studies on dynamics of matter on combined femtosecond-

time and nanometer-length scales [1,2]. One intriguing topic within contemporary research on 
magnetism − ultrafast near-infrared (NIR) laser-induced demagnetization [3-6] − benefits 

greatly from FELs since the transient response of the atomic lattice [7] and nanoscale magnetic 

heterogeneities can be studied with chemical sensitivity [8-11]. Further, the high photon
densities provided by FELs can generate in matter ultrafast, non-linear responses and highly-

excited transient states [1,2,12-19]. Studies conducted recently tackle the non-linear intra-
pulse response of magnetic materials upon FEL radiation [19-23], thereby expanding the study 

on ultrafast magnetization dynamics beyond the regime of NIR radiation. These studies rely 

on resonant techniques making use of the X-ray magnetic circular dichroism (XMCD) effect 

that is particularly sensitive to the magnetization and any further change in population and 

energy levels of the involved electronic states. 
The starting point of the investigation of the nonlinear interaction of ultra-short FEL radiation 

and magnetic materials was the observation of a drastic quenching of the magnetic scattering 
signal of Co/Pt multilayers within the sub-100-fs long pulse duration, when using XUV-pulses

with a fluence of = 5 J/cm², resonantly tuned to the Co M2,3 edge at = 59.6 eV [20]. This 

quenching was explained by a shift of the 3p core levels to lower energies due to the charged 

environment. At higher photon energies, corresponding to the Co L3 edge ( = 778 eV), a 

quenching of the magnetic-scattering signal was also observed for fluences ≳10mJ/cm² [21] and was assigned to stimulated emission [22,23]. In the hard X-ray regime, 

magnetic-scattering experiments with high fluences are not reported [24]. However, Yoneda 
et al. performed X-ray-emission spectroscopy experiments for Fe [19] and Cu [18] using 

radiation resonantly tuned to the K edges. They found a saturable absorption accompanied by 

a band shift [19] and stimulated emission [18] for fluences ≳ 10 J/cm². Recently, ultrafast 

demagnetization was additionally put forward to explain the quenching of magnetic scattering 
[25] and XMCD effect in absorption [26] for FEL radiation resonantly tuned to the Co M2,3 and 

L edge, respectively [27]. In light of the contrasting explanations for the non-linear photon–

magnetic material interaction, it becomes clear that a variety of mechanisms may play a role 

in the quenching of XMCD effect-based signals.

Here, we report on the XUV-fluence dependence of the resonant magnetic small-angle X-ray 
scattering (mSAXS) of Co/Pt multilayers. For the experiments, single and double-FEL-pulse 

modes with photon energies tuned closely above the M2,3 edge of Co are used (Fig. 1(a)), 
enabling an unambiguous determination whether band shift, stimulated emission or 

demagnetization is the dominant mechanism. For both FEL modes, a quenching of magnetic 

scattering with increasing fluence is observed. Both sets of data are well-described by a 
phenomenological model that was developed to describe XUV-radiation-induced 
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demagnetization, while calculations on light-induced transient changes in the population and 

energy level of the 3p shell cannot explain the experimental data. Our study provides evidence 
for the existence of ultrafast demagnetization in the XUV regime and additionally indicates that 

the demagnetization proceeds on a sub-20-fs timescale. This result is supported by the 

extremely short lifetime of XUV-generated hot electrons even when only considering 
conventional, i.e., non-coherent, demagnetization mechanisms, as detailed for Elliott-Yafet 

spin-flip scattering [4].

Results
Magnetic small-angle X-ray scattering and scattering efficiency. The mSAXS experiments 

on a (0.8nm Co/1.4nm Pt)16 multilayer, which exhibits perpendicular magnetic anisotropy [29] 

(see Methods) and nanoscale magnetic domains [9], were performed utilizing 70-fs-long 

circularly-polarized XUV-pulses at FERMI’s DiProI beamline [30]. Two different FEL operation 
modes were used, namely the conventional single-pulse (1P) as well as the double-pulse mode

(2P) [31,32] with a pulse separation of 200 fs (Fig. 1(a), Methods). The wavelength of the FEL-

radiation for the single-pulse mode was , = 20.3 nm ( , = 61.1 eV), whereas in the

double-pulse mode the wavelengths of the sub-pulses were shifted by ∆ ≈ ±0.035 nm with 

respect to , (Fig. 1(b)) allowing for a spectroscopic detection of the sub-pulse 

intensities (Fig. 1(b), inset). All wavelengths were blue shifted with respect to the maximum in 

magnetic-scattering cross section located at , , = 20.8 nm ( , = 59.6 eV;

Fig. 1(b)) [33]. The blue shift ensures a comparable scattering cross section for all used 

wavelengths, allowing for a direct comparison of the single and double-pulse data. 
Furthermore, it enables identifying the impact of the electronic level shift on the quenching as 

outlined below.

The radial intensity vs scattering vector is obtained by azimuthal averaging of the scattered 

intensity (Fig. 1(c)). The peak position ≈ 0.036 nm-1 corresponds to an average domain 

width of ≈ 90nm, consistent with previous studies on a nominally identical sample [8]. The 

peak value ( ) serves as a quantitative measure for the strength of the magnetic-

scattering cross section (Methods), given by [34]( ) ∝ | | with = | , | ( )| , | | , | ( )| , |(∆/ ) . (Eq. 1)

is the saturation magnetization, |< 3 , | ±( )|3 , > | the dipole-transition matrix-

element describing core-to-valence transitions between 3p and 3d states under the action of 

the dipole-operator ±( ), and ∆ the resonance width of the 3d states [34]. 

As a measure for the quenching, we define the scattering efficiency as the ratio of peak 

intensity ( ) and pulse energy (proportional to the number of incident photons)
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normalized to one at small fluences < 1 . The scattering efficiency vs peak fluence 

behavior, extracted from single-pulse and double-pulse experiments, is given in Fig. 2. For the 

latter, is the sum of the peak-fluences of both sub-pulses, hence for the same , the single 

pulse has twice the peak-intensity as compared to the sub-pulses in the double-pulse mode. 

Both ( ) datasets can be described by single exponentials ( ( ) = exp − ) suggesting 

the presence of one dominant mechanism for quenching. Characteristic fluences of , =(26.3 ± 1.1) mJ/cm² and , = (25.1 ± 0.8) mJ/cm² are obtained, reflecting the similarity of 

both curves within the experimental resolution. As shown below, this similarity is a fingerprint 

for ultrafast demagnetization occurring on a sub-20-fs timescale. Note that the quenching sets 
in already in the few-mJ/cm² regime, which is much lower than the observed damage threshold 

of ≈ 20mJ/cm², i.e., the minimum fluence irreversibly altering the sample’s scattering 

pattern. 

Modeling. In order to determine the underlying mechanism for quenching, the experimental 

results are compared with different models (for details see Supplement A-C). Calculations on 
the light-matter interaction using kinetic Boltzmann equations [35] (Supplement B) show the 

expected low-fluence behavior (linear-response regime), namely the 3p-3d absorption 

process (Fig. 3(a)) is dominant and the preponderant decay-channel is the Auger
process (Fig. 3(b)). Around 88% of the Auger processes with a sub-femtosecond decay time 

of = 0.4 fs are 3d-3p transitions refilling the 3p shell combined with excitations of 3d

electrons up to an energy of 60 eV above the 3d level. Since is two orders of magnitude 

shorter than the pulse length, significant intra-pulse repopulation of the 3p shell occurs. 

Fig. 3 further illustrates the impact of stimulated emission (c), p-level shift (d), and ultrafast 
demagnetization (e) on the electronic structure in the respective high-fluence regimes together 

with the corresponding calculated ( ) behaviors (f). As detailed in the supplement (section 

A and B) and visualized in Fig. 3(f), the results of modeling show that the experimentally 

observed quenching of magnetic scattering cannot, neither qualitatively nor quantitatively, be

a consequence of a significant amount of excited-state population, or a p-level shift modifying

in Eq. (1). In contrast to the experimental results, for the stimulated emission scenario the 

double-pulse ( ) curve is shifted to twice the fluence as compared to the single-pulse ( ) curve (dashed curves in Fig. 3(f)) since the (peak) intensity dictates the amount of 

excited-state population. Also in contrast to the experimental curve, ( ) initially increases

for a p-shell-shift induced by a charged environment of excited electrons (dotted curves). The 
latter is a consequence of the experimentally used blue shift of the photon energy with respect 
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to the unperturbed 3p-3d transition and the fact that with increasing fluence the resonance 

energy of the 3p-3d transition gradually shifts to higher energies. 
A plausible scenario to explain the quenching is an XUV-induced reduction of saturation 

magnetization ∝ ( ) (Eq. (1)) as it provides an explanation for the observed shift of 

the double-pulse ( ) curve with respect to the single-pulse ( ) curve towards smaller 

fluences (solid lines) as outlined in the following. 

Fig. 4(a) and the solid lines in Fig. 3(f) show the impact of demagnetization on ( ) deduced 

from a phenomenological model (Supplement C) for a pulse length of 70 fs and a delay time 

of 200 fs resembling the experimental parameters. For the modeling, based on experimental 

observations for demagnetization with NIR light, an exponential decay of in time is assumed 

whose strength scales linearly with fluence [9,36,37]. Remagnetization is neglected since it 

typically occurs on picosecond timescales. Hence, photons impinging on the sample at time ′
initiate demagnetization (proceeding for > ’) with a characteristic time and strength 

proportional to the instantaneous intensity ( ′) leading to a relative reduction of the saturation 

magnetization according to ( , ′) ∝ ( ′) ⋅ 1 − exp − . The transient 

normalized to one is then given by ( ) = 1 − ∫ , ( , ′) ′, which is shown in Fig. 4(b) for 

three selected fluences for single and double-pulse mode. The transient magnetic-scattering 

intensity is proportional to ( ) ∙ ( ), and the integration over time , normalized to the fluence

, finally provides ( ) (Supplement C). As a result, since ( ) monotonically decreases

(Fig. 4(b)), a stronger reduction of the scattering intensity occurs during the second sub-pulse, 

and hence, opposite to stimulated emission, the double-pulse ( ) curve is shifted towards 

smaller fluences with respect to the single-pulse ( ) curve (Fig. 3(f) and Fig. 4(a)). Besides 

pulse length and delay time, the shift depends on the demagnetization time. For the NIR-

demagnetization time of Co, , , ≈ 200 fs [4,38-40], resembling the used delay time

between the sub-pulses, the modeling gives a shift by a factor of / ≈ 2.75. Compared to 

thick elemental films, for alloys and multilayers containing high- material ( : atomic number)

like Pt, a significantly shorter demagnetization time is generally found [40,41], indicating an 

important impact of spin-orbit coupling on ultrafast demagnetization according to a ∝1/( ) scaling [40]. Note that particularly for multilayers, both the Curie temperature and 

the effective depends on the detailed morphology of the interfaces. The shorter the 

smaller is the shift between the single and double-pulse curves, e.g., for , , / = 40 fs
observed as the shortest for Co/Pt [40], the shift obtained from the model reduces to / ≈ 1.5. In the extreme case, for significantly shorter than the pulse length, the 
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single-pulse and double-pulse curves converge. Hence, the experimental ratio of, / , ≈ 1.05 indicates a relatively short demagnetization time.

In order to determine the demagnetization time, the phenomenological model for 
demagnetization is simultaneously fitted to the single and double-pulse data (Fig. 2). An upper 

bound for the demagnetization time of , , / ≤ 20 fs is obtained which is at least a 

factor of two shorter compared to , , / [40]. Recently, a slight reduction of the 

demagnetization time for using XUV compared to NIR radiation was also reported for 
Co/Pd [25]. 

Discussion
How can we understand a sub-20-fs demagnetization time? Very recently, comparably fast 
demagnetization times down to the sub-20 fs regime were reported even for NIR laser-induced 

demagnetization in Co/Cu [42] and Ni/Pt [43] and attributed to spin transfer across chemical 

interfaces. Both studies indicate that three different processes promote demagnetization 

occurring on subsequent time scales, namely coherent spin transfer and back transfer from 

ferromagnetic to paramagnetic lattice sites for < 20 fs, referred to as optically induced 

coherent spin transfer (OISTR) in Ref. [43], followed by coherent OISTR+SOC-mediated spin 

flips for 20 fs < < 100 fs. Finally, for timescales > 100 fs conventional, non-coherent

demagnetization processes as local Elliott-Yafet-based scattering processes [44] and/or non-
local superdiffusive spin currents occur [45]. 

Hereafter, the XUV radiation-induced demagnetization process is discussed with emphasis on 

explaining the sub-20-fs demagnetization time using conventional, i.e., non-coherent,
demagnetization mechanisms. About 2/3 of the XUV-induced excitations are inter-band 3p-3d

dipole transitions [33] followed by an Auger decay leading to hot electrons with energies of up 

to 60 eV above the Fermi level. The resulting fraction of photo-ionized Co is only ≈ 20% for 

the maximum fluence used experimentally, = 43mJ/cm² (Supplement B), so that even for a 

possibly high polarization of the Auger electrons of a few 10% [46-47], the disparity of 3 ↑ and 

3 ↓ electrons, i.e., , is not significantly affected by the Auger processes. Consequently, 

subsequent electron-scattering processes trigger demagnetization analogous to conventional 

NIR-light-induced demagnetization, however, with a significantly shorter demagnetization time. 

In the following it is shown that the key for a faster demagnetization are the fast electron 

scattering processes upon XUV-radiation. As the electron–electron scattering with a 

characteristic lifetime is the predominant scattering process for 60-eV-hot electrons [48],

it is assumed that the demagnetization is mediated by the Elliott-Yafet mechanism based on 
electron–electron Coulomb-scattering in the presence of spin-orbit interaction [49]. According 

to the Elliott-Yafet relation, the spin-relaxation time ↑↓ is proportional to the relaxation time 



7(20)

of the electrical resistivity ( ≈ for hot electrons): ↑↓ = [50], where is the spin-

flip probability of the scattering processes [4,50]. As of high-energy electrons is short, a

faster demagnetization for 60-eV-hot electrons can be expected. According to Fermi’s golden 

rule the scaling-relation ∝ ( − ) is applicable for low-energy electrons of a few 

eV [48]. For a wider energy range (0 ≤ ≤ 10 keV), the phenomenological description of the

universal inelastic mean free path vs electron-energy curve is better suited to estimate 

[51] (Supplement E). As a result (60 eV) ≈ 77 as and (1.5 eV) ≈ 71 fs are 

obtained, which implies a reduction in lifetime by a factor of ( )( . ) ≈ 1.1 ∙ 10 between 

1.5-eV and 60-eV-hot electrons. These -values are systematically larger than the

experimental results for ferromagnets. For Co (1.2 eV) ≈ 6 fs was experimentally 

determined, i.e., one order of magnitude shorter than for Ag, which was explained by the high 

density of states near in Co [52,53]. Recently, the XUV-excited electron lifetime in Ni was 

found to be in the 10 as range, i.e., ≈ 100 as shorter as compared to Cu, which was explained 

in terms of spin-dependent scattering in Ni [54]. Hence, assuming a similarly shorter (60 eV) for Co, the above-mentioned ( )( . ) value remains plausible. Assuming 

↑↓(1.5eV) = 200 fs and a spin-flip probability independent of electron-energy results in a 

spin-relaxation time in the sub-femtosecond regime of ↑↓(60 eV) = ↑↓(1.5 eV) ( )( . ) ≈0.2 fs. Since ↑↓(60 eV) ≈ (60 eV), the demagnetization time in the XUV-regime is

determined by both, Auger-decay time (principally acting as a delay-time) and spin-relaxation 

time, i.e., = + ↑↓ ⪅ 1 fs.

The description of the faster demagnetization in the XUV regime in terms of electron-electron 

scattering should not rule-out other probable processes, proposed to explain ultrafast 

demagnetization. For instance, electron–phonon-mediated spin-flip-scattering processes 
might be much faster for an excitation with 60-eV than for 1.5-eV photons. In fact, the electron-

phonon interaction is reported to increase with the energy of the electronic system [45,55-57], 
such that, in line with above reasoning, faster demagnetization is plausible. Future quantitative 

descriptions have to include the role of the Pt layers, as they significantly increase the spin-

orbit interaction of Co at the Co/Pt interfaces [40], play a decisive role for the coherent OISTR 
effect [43], and provide a spin sink for superdiffusive spin-polarized currents along the film 

normal [45]. Since the velocity of 60-eV-hot electrons is in the order of a few nm/fs [51] a fast
spin transport from the 0.8 nm thick Co to the Pt layers is reasonable providing an alternative 

conventional (non-coherent) explanation for a sub-20-fs demagnetization time.
The fitting of the experimental data using the model for demagnetization also provides the

fluence , leading to complete demagnetization (Fig. 2) when additionally considering 
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the impact of the two-dimensional Gaussian-beam profile, as outlined in Supplement C and D. 

Remarkably, , = (12 ± 3) mJ/cm² is similar to the value estimated for the same 

multilayer using NIR radiation ( = 1.5 eV: , ≈ 18mJ/cm²) [8]. In fact, considering

the slightly different attenuation lengths for Co, ℓ , , for both photon energies 

(ℓ , (60 eV) ≈ 9 nm [33], ℓ , (1.5 eV) ≈ 13 nm [58]), a similar fluence is absorbed by the 

Co layers for both values. Since the demagnetization was found to scale with the 

absorbed fluence, independent of the optical wavelength [59,60], the estimated ,
value appears reasonable under the prerequisite that the same mechanisms dictate ultrafast 
demagnetization for both regions of the electromagnetic spectrum. In contrast, a more than 

one order of magnitude higher , was reported recently for XUV-FEL radiation with 

similar pulse characteristics (spectrum, pulse length, coherence) [25] for which stimulated 
emission and a 3p-band shift are expected to significantly affect the magnetic scattering signal 

(Fig. 3(f)).

In conclusion, the quenching of magnetic scattering as a function of fluence was investigated,
using 70-fs-long single and double-pulse XUV FEL radiation. The quenching sets in for non-

destructive XUV fluences in the mJ/cm² range, defining a photon-flux limitation for FEL-probe 
experiments on magnetic systems. The similarity of single and double-pulse data shows that 

the quenching occurs on a very short sub-20 fs timescale. The driving mechanism for the 

quenching effect is identified to be XUV-induced demagnetization. The sub-20 fs timescale for 
demagnetization can be understood in a conventional manner considering the extremely-short 

lifetime of few-10-eV-hot electrons. Stimulated emission and transient shifts of the 3p level are 

predicted to occur at higher fluences in the > 50 mJ/cm² regime. By tailoring the photon-pulse 

properties, future investigations need to identify the ultimate timescale for light-induced 
coherent and non-coherent manipulation of magnetization [43], i.e., tackling the question, if 

demagnetization can proceed even on the sub-femtosecond timescale. 
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Methods
Magnetic Sample. As sample system, a Co/Pt multilayer with perpendicular magnetic anisotropy grown 
by sputtering techniques on 50 nm thick Si3N4 membranes with lateral dimensions of 200 x 200 μm2 was 
used [29]. The thicknesses of the individual Co and Pt layers were 0.8 nm and 1.4 nm, respectively, and 
a total of 16 repetitions of the Co and Pt was deposited on a Pt seed layer of 5 nm thickness, i.e., 
Pt/(5.0 nm)/[Co(0.8 nm)/Pt(1.4 nm)]16/Pt(0.6 nm). The Pt cap layer is 2 nm thick to prevent oxidation. 
After growth, the sample was demagnetized in an out-of-plane magnetic field to generate a labyrinth-
like close-to-equilibrium domain state with an average domain size of ≈ 90 nm. A chip with a total of 400 
membranes (array of 20 x 20 with a pitch in both directions of 1 mm) was used for the experiment in 
order to enable repeated and comparable destructive single-shot measurements on membranes from 
the same production batch. 

Scattering mechanism. The peak value of the distribution function ( ) serves as a quantitative 
measure for the strength of the scattering cross section = ², where is the scattering factor, , = ( ) + , , − , , [34]. Here, is the atomic form factor 
corresponding to the atomic number for forward scattering, while and ′ are the anomalous 
scattering factors. is the light’s polarization unit vector and M the magnetization. As no charge 
inhomogeneity exists on the length scale of the magnetic multi-domain pattern, i.e., 100 nm, the 
azimuthally averaged ( ) (including the peak value ) are only sensitive to the magnetic part 
of the scattering factor [61], which for light propagation parallel/antiparallel to M is given by [34]

( ) ∝ | ( ∗ × ) ∙ | = | | with = | , | ( )| , | | , | ( )| , |(∆/ ) . 

|< 3 , | ±( )|3 , > | is the dipole transition matrix element between 3p and 3d-states under the 
action of the dipole operator ±( ) (|3 , >: SO-split p-states; |3 , >: exchange-split d-states without 
SOC.) ∆ is the resonance width of the 3d-states and is the saturation magnetization. 

XUV-single and double-pulse mSAXS experiments. The magnetic small-angle XUV scattering 
(mSAXS) experiments were conducted at the DiProI endstation [30] of the seeded free-electron laser 
FERMI, located at Elettra Sincrotrone Trieste, Italy, delivering close to transform-limited pulses which 
have a Gaussian intensity profile in time. For the experiments, the FEL source was lasing at the 12th

harmonic of the seed laser with a pulse duration of 230 fs, i.e., the FEL pulse length (FWHM) was =× √ = 71fs [62]. We employed the standard single-pulse and the recently developed double-pulse 
mode [31] setting the time delay between both FEL sub-pulses to 200 fs. For both modes, we used 
circularly polarized radiation allowing for the most stable operation of the FEL. For the single-pulse 
mode, the wavelength was set to , = 20.3 nm. In the double-pulse mode, the wavelengths were 
shifted away from the single-pulse wavelength by ≈ ±0.035 nm. The wavelength separation in the 
double-pulse mode of ∆ / ≈ 0.2% is about twice the bandwidth (inset of Fig. 1(a)), allowing the 
determination of the energy of the sub-pulses on a (double-)shot-to-(double-)shot basis [63]. The 
mSAXS measurements were performed in transmission geometry and the scattered intensity was 
recorded using a CCD detector placed 50 mm behind the sample. Multi-shot measurements with 
exposure times of the CCD between 2 s and 50 s (20 to 500 FEL shots, respectively) were performed 
at low FEL fluences in the range from 0.3 ≤ ≤ 15 mJ/cm2 (non-destructive regime). Additionally, 
single-shot measurements were carried out for fluences 15 < ≤ 43 mJ/cm2 (destructive regime for ⪆20 mJ/cm2). 
The spatial FEL-spot profile is composed of an intense center and broad tails that have been cut 
horizontally and vertically before the focusing optics of the beamline (bendable planar mirrors in 
Kirkpatrick-Baez (KB) configuration) by a set of beam-defining blades in front of the KB system, so that 
the beam profile at the sample position is almost 2D-Gaussian with an elliptical cross-section. The 
horizontal ( , ) and vertical spot sizes ( , ) at full width half maximum intensity (FWHM) 
determine the peak fluence for a given pulse energy according to = /( , ∙ , ) with = 4ln2/ ≈ 0.88. A critical comment on the fluence definition in the case of a 2D-Gaussian beam 
profile is given in Supplement D.
The spot sizes , and , at the sample position were determined from CCD images of the 
scintillation excited by the beam on a phosphorous screen. The spot sizes are determined to (70 ±
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5) x (145 ± 5) µm² for the multi-shot data and (65 ± 10) x (130 ± 10) µm² for the single-shot data. 
Between single-pulse and double-pulse mode, the source point and hence the irradiated area at the 
sample position was slightly different of the order of ±5% (corresponding to different spot sizes of about ±2 − ±3 µm, which was below the detection limit of our optical control of the beam profile) [31]. This 
difference was considered as a relative systematic error in the fluence determination between both 
single and double-pulse mode as mentioned in the text.
For the determination of the pulse energy at the sample, the measured value obtained by 
using PADReS’ calibrated gas-detector intensity monitors [64] located at the beginning of the photon-
transport section, was propagated along the beamline. In order to take into account the effect of the 
above-mentioned spatial filtering in front of the KB system, the intensity of the incoming beam profile 
was measured on a scintillator screen with and without the beam-defining blades in the optical path. We 
estimate a loss of 30% (20%) in the pulse energy at the sample position for multi-shot mode (single-
shot mode) due to the introduced spatial filtering. The transmission of the beamline optics is 70%. In 
addition, an Al filter with a transmittance of 60% was used during the experiments to remove the UV 
seeding radiation ( ≈ 244 nm) from the XUV light produced by the FEL source. Finally, the 
transmittance of the 50 nm thick Si3N4 membrane of 39% was considered. A variety of Al absorbers with 
calibrated transmittance were additionally used to vary the pulse energy and hence the fluence 
during the experiment. Taking into account all the above-mentioned attenuations, the pulse energy 
at the sample position is finally given by = ∙ 0.8 ∙ 0.7 ∙ 0.6 ∙ 0.39 ∙ and =∙ 0.7 ∙ 0.7 ∙ 0.6 ∙ 0.39 ∙ .
The accuracy of the spot-size determination results in an error for the irradiated area of about ±20% for 
the single-shot mode. However, with the present fluence calibration the single-shot damage threshold 
of ≈ 20 mJ/cm² for Co M-edge radiation determined during the current experiment corresponds very 
well to the damage threshold determined during our previous experiments at FLASH and FERMI FELs 
on nominally identical Co/Pt samples using similar photon energies [8,20]. Hence, the absolute fluence 
scale is reliable within the above-mentioned accuracy of ±20%.
For the scattering experiments the beam was centered on a membrane (dimensions of 200 x 200 µm²), 
so that scattering from the membrane edges was minimized. Since the spot sizes were by a factor of ≈ 3 (horizontal) and ≈ 1.5 (vertical) smaller than the membrane size, one membrane was addressed at 
a time. The sample was mounted in such a way that the FEL beam impinged on the Si3N4 membrane 
first before being scattered from the Co/Pt multilayer.
In the single-shot case (25-shot, i.e., multi-shot case), for a fluence of 43 mJ/cm² (7 mJ/cm², see 
Fig. 1(c)), the number of photons per pixel in the maximum of the scattering ring is ≈ 0.42 (≈ 3.6). Since 
the signal to noise ratio is < 0.05 photons/pixel this intensity is sufficient to get smooth = +
curves (obtained from azimuthal averaging).
All data for the multi-shot experiments (fluences ≤ 15 mJ/cm²) were acquired using 3 individual 
membranes in total. In order to prove that there was no degradation of the structural and magnetic 
properties during the multi-shot experiments, we have checked that there is no dependence of the -
position of the maximum scattering intensity on the FEL fluence. From all the multi-shot data, we 
determined an average value of = (0.036 ± 0.001) nm-1. For the whole fluence range ≤15 mJ/cm², we can therefore rule out any structural damages (like intermixing of Co and Pt) which had 
otherwise affected the intrinsic magnetic properties like magnetic anisotropy and/or saturation 
magnetization. Since both dictate the domain size = / , a constant indicates structural 
integrity during the multi-shot experiments. 
For the single-shot experiments, i.e., for fluences > 15 mJ/cm², we used a fresh membrane after each 
shot. In total, 23 membranes were used (5 membranes for single-pulse and 18 membranes for double-
pulse mode).
In the single-pulse mode, the pulse-intensity variation from shot to shot was around 20% (which is 
relevant only for the multi-shot mode). 
In the double-pulse mode, typical intensity differences between both sub-pulses were ( − )/( +) = 0.0 ± 0.4. No correlation between asymmetry in intensity and scattering efficiency was observed 
for the single-shot data. 

Data Analysis. The analysis of the scattering images, as shown in Fig. 1(b), was performed analog to 
Ref. [8]. The scattering images were azimuthally averaged after masking of the beamstop shadow and 
the charge-scattering streaks generated from the membrane edges. The resulting curves were fitted by 
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( ) = peak 1 + peak, ,
, + +

where accounts for a constant background and describes a residual charge-scattering signal 
originating, e.g., from waviness of the membranes on the micrometer length scale due to strain after film 
growth, close to the center of the scattering image where the magnetic signal is small. The first term is 
the split Pearson type-VII distribution function that successfully describes the magnetic scattering signal 
as skewness and kurtosis are accounted for, originating from the domain-size distribution [64]. peak
is the intensity of the distribution function at the peak position peak, and , and , are parameters 
which have different values on the low and high- side of the peak (indices 1 and 2, respectively) 
reflecting the asymmetry of ( ).
Data availability
The data that support the findings of this study are available from the corresponding authors upon
request.
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Fig. 1 mSAXS experiment and data analysis. (a) The magnetic multilayer with maze-
domain pattern is either hit by a single or double FEL pulse and the mSAXS pattern is 
recorded by a CCD detector. (b) Scattering intensity vs wavelength covering the Co M2,3

edge ( ≤ 3mJ/cm², linear-response regime). The vertical lines mark the wavelengths used 
for the ( ) experiments (blue: single-pulse, purple and green: double-pulse mode). The 
inset shows corresponding spectra for individual pulses. (c) Azimuthally averaged intensity 
vs scattering vector of the scattering image given as inset ( = 7 mJ/cm²). The solid line is a 
phenomenological fit (see Methods).
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Fig. 2 Quenching of magnetic scattering. Scattering efficiency vs fluence for single-pulse 

(blue) and double-pulse data (red). Dashed lines are single-parameter exponential decay fits 

( ( ) = (− / )). Solid lines are model curves based on the phenomenological 

description of demagnetization that are simultaneously fitted to single and double-pulse data.

The shaded areas show the uncertainty of the modeling.
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Fig. 3 Transient states and their impact on scattering efficiency. (a)-(e) Schematics for 
transient band structure at low (a)-(b) and high fluences (c)-(e). Yellow/white dots depict 

occupied/unoccupied electronic states; green arrows highlight modifications of electronic 

transitions and band structure at high fluences. (f) Corresponding predictions for the scattering 

efficiency ( ) using single (1P,blue) and double-pulse schemes (2P,red) for stimulated 

emission (dashed lines), electron-environment-induced 3p-level shift (dotted lines), and 

ultrafast demagnetization (solid lines). 
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Fig. 4 Modeling of demagnetization for single-pulse (1P) and double-pulse (2P) 
schemes. (a) Scattering efficiency vs fluence ( ) for different demagnetization times 

. , and , . correspond to the fluence for complete demagnetization 

in the spatial pulse center for a lateral Gaussian and a flat-top beam profile, respectively. (b) 

Temporal Gaussian pulse profiles (filled areas) and magnetization transients (lines) for a 

demagnetization time of = 7 fs obtained from the best fit of the experimental data shown 

in Fig. 2. The temporal evolution of the saturation magnetization is shown for three different 

fluences as labeled.
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