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ABSTRACT

During the last two decades, a variety of models have been developed to explain the ultrafast quenching of magnetization following
femtosecond optical excitation. These models can be classified into two broad categories, relying either on a local or a non-local transfer of
angular momentum. The acquisition of the magnetic depth profiles with femtosecond resolution, using time-resolved x-ray resonant mag-
netic reflectivity, can distinguish local and non-local effects. Here, we demonstrate the feasibility of this technique in a pump–probe geometry
using a custom-built reflectometer at the FLASH2 free-electron laser (FEL). Although FLASH2 is limited to the production of photons with a
fundamental wavelength of 4 nm (’ 310 eV), we were able to probe close to the Fe L3 edge (706:8 eV) of a magnetic thin film employing the
third harmonic of the FEL. Our approach allows us to extract structural and magnetic asymmetry signals revealing two dynamics on different
time scales which underpin a non-homogeneous loss of magnetization and a significant dilation of 2 Å of the layer thickness followed by
oscillations. Future analysis of the data will pave the way to a full quantitative description of the transient magnetic depth profile combining
femtosecond with nanometer resolution, which will provide further insight into the microscopic mechanisms underlying ultrafast
demagnetization.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/4.0000109

I. INTRODUCTION

Ultrashort optical excitations generate highly out-of-equilibrium
states in ferromagnetic systems. Hot electrons are created upon
absorption of the radiation and induce changes in the magnetic anisot-
ropy and the crystal field which couple and become time-dependent.1

It was in 1996 that Beaurepaire et al. measured ultrafast demagnetiza-
tion in a ferromagnetic Ni thin film on sub-picosecond timescales.2

This discovery opened up a new field of research: femtomagnetism,
which aims at understanding the impact of ultrashort light pulses on
magnetic systems.1 However, after more than 20 years of research, the
microscopic mechanisms at play during ultrafast demagnetization still
remain poorly understood.3,4 In addition to this fundamental interest,

experiments performed since then have demonstrated that this
phenomenon is key for applications of magnetization control on the
femtosecond timescale, as illustrated by the demonstration of all-
optical magnetization reversal5 and spin current propagation.6

In the quest for a consensus concerning the microscopic basis
underlying ultrafast demagnetization, two models have been inten-
sively discussed by the community: (i) an Elliot–Yafet-like mecha-
nism,7 where spin flips result from phonon scattering and (ii) a
superdiffusive model,8 where spin angular momentum is trans-
ported out of the magnetic system by polarized spin currents.
These two models can be extended to two larger categories: local
and non-local phenomena.9,10
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Distinguishing between these two channels for the removal of
spin angular momentum is notoriously difficult and calls for methods
that associate state-of-the-art time and spatial resolution to element
selectivity. Despite the advent of x ray and extreme ultraviolet (XUV)
free-electron lasers (FELs) as well as of high harmonic generation
sources,11,12 achieving nanometer spatial resolution remains a chal-
lenge. One way to overcome this technical hurdle is to study spin-
valve structures and use an element selective probe to detect if super-
diffusive spin currents travel or not from one magnetic layer to the
other.13,14 A path toward higher spatial resolution is also illustrated by
Kerr and Faraday magneto-optical measurements performed on both
the front and back sides of simple ferromagnetic layers9,15 or of spin-
valve structures.16 A further way to achieve higher spatial resolution is
to monitor interfaces by magnetization-induced second harmonic gen-
eration.17,18 The latter approach is only sensitive to the interface,
which causes the inversion symmetry breaking.19 In order to probe
entire magnetic layers with high spatial resolution, small-angle x-ray
scattering was performed on magnetic thin films presenting magnetic
domains. This technique allows for a good in-plane spatial resolution;
however, the results obtained under various conditions (different
pump types and sample compositions) by several groups yielded con-
tradictory conclusions.20–24 Further experimental and theoretical stud-
ies suggest that local and non-local processes can actually coexist but
will give rise to very different evolutions of the magnetization in the
direction perpendicular to the surface.25–29 Therefore, spatial depth
resolution is required in order to gain insight into the spin removal
process.25–28

X-ray resonant magnetic reflectivity (XRMR) is an excellent tech-
nique to retrieve the magnetic depth profile of thin films.30,31 It has
recently been applied in pump–probe geometry to perform time-
resolved XRMR (TR-XRMR) and study femtomagnetism.32,33 While
Gutt et al.33 have probed a magnetic trilayer film at the Fe M3;2 edge,
showing a magnetic depth spatial resolution of tens of nanometer,
applying this technique at L edges of transition metals will allow us to
achieve a sub-nanometer magnetic spatial resolution.30,31 In our previ-
ous work,32 we performed a TR-XRMR experiment on a Ni thin film
at the Ni L3 edge. In this study, made at the femtoslicing source of
BESSY II, we demonstrated that TR-XRMR experiments allow us to
probe simultaneously ultrafast magnetic and structural dynamics, but
need high photon flux, such as the one provided by FEL, if one wants
to discriminate the different transient depth magnetic profile.
However, access to FEL providing soft x rays is limited by the number
of such sources.

In this paper, we demonstrate that TR-XRMR can be performed
close to the Fe L3 edge (706:8 eV) at the FEL FLASH2. Our approach
is based on the use of the 3rd harmonic generation of the FEL radia-
tion, allowing us to work well above the highest possible energy of the
first harmonic (�310 eV). We explain how we probed simultaneously
magnetic asymmetry and structural signals of a 15 nm Fe thick film,
thanks to our custom-built reflectometer. Our measurements, per-
formed at 70163:5 eV, demonstrate that there are (i) a non-
homogeneous loss of magnetization in the first hundreds of femtosec-
onds and (ii) a thickness oscillation of our thin films, which is induced
by a strain wave, at larger time scales (picoseconds). While future
quantitative analysis will enable to retrieve the transient depth mag-
netic and structural profile with sub-nanometer spatial resolution, this
article explains the technical challenges of such measurements and

paves the way for future experiments aiming at understanding the
microscopic foundations of ultrafast magnetization.

II. PRINCIPLE AND EXPERIMENT
A. X-ray resonant magnetic reflectivity (XRMR)

XRMR is an experimental approach based on the combination of
x-ray reflectivity (XRR) and x-ray magnetic circular dichroism
(XMCD).34 In XRR, one usually measures the change of the reflected
intensity as a function of the incidence angle h. The XRR data can be
fitted35 within a straightforward matrix formalism36 and deliver a vari-
ety of parameters such as the density, the thickness, and surface rough-
ness with sub-nanometer resolution,34,37 typically of 2 Å. XMCD is the
dependence of x-ray absorption as a function of the circular polariza-
tion of the incoming x rays as well as their energy, with a strong effect
at specific core level edges. It provides element specific information on
the magnetic properties of the sample.38 When performing XRR mea-
surements with photon energies tuned to resonance with large XMCD
contrast, as, for instance, the L3;2 resonance of iron, the reflectivity sig-
nal becomes a function of the magnetization orientation with respect
to the helicity of the incoming radiation. Taking into account the
XMCD in the complex refraction index, it is possible to rewrite the
matrix formalism to simulate reflectivity data at resonance to retrieve
the magnetization profile.34,39,40 However, it is worthwhile to mention
that very few FEL sources provide circularly polarized light in the soft
x-ray regime. In order to circumvent this limitation, it is instructive to
write the electric field in the linear polarization base and observe that,
depending on the polarization channel, XRMR performed with line-
arly polarized light is sensitive to the spatial direction of the magneti-
zation. In particular, the p–p channel is sensitive to the transverse
magnetization, as it is the case in transverse magneto-optic Kerr effect
experiments.39 Here p is the common notation for linear polarization
lying in the scattering plane (Fig. 1).

In this contribution, we report on measurements performed in
the transverse configuration with incoming p polarization. The sample,
a thin Fe film, was magnetized along the normal to the scattering plane
as shown in Fig. 1. Two reflectivity curves, Iþ and I�, were recorded
with opposite magnetic fields indicated here as þ and �. Following Jal
et al.,32 two relevant signals can be extracted: (i) the structural signal
S ¼ ðIþ þ I�Þ=2, which is sensitive to the (apparent) electronic charge
density and is independent of the sample magnetization;41,42 (ii) the
magnetic asymmetry signal A ¼ ðIþ � I�Þ=ðIþ þ I�Þ, which is pro-
portional to the ratio of magnetic to charge contributions.43

B. Sample characteristics

The sample is a polycrystalline ferromagnetic Fe thin film grown
by sputter deposition on top of a thermally oxidized Si substrate with
additional Pt and Ta buffer layers. A Pt capping layer was used to pre-
vent oxidation, resulting in a Si/Ta3nm/Pt3 nm/Fe15 nm/Pt3 nm multilayer
structure.

Static magneto-optic Kerr effect measurements were used to
check the expected in-plane magnetization of the Fe film and showed
a square hysteresis loop with a coercive field of 4mT.

The static structural and magnetic parameters of the sample were
furthermore characterized by static XRMR measurements at the
SEXTANTS44,45 beamline of Synchrotron SOLEIL. The angular scan
recorded with 704.7 eV photons is shown in Fig. 2 for both applied
field directions (red and blue dots), as well as the derived asymmetry
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(gray dots). Further scans (not shown) were recorded in a non-
resonant condition (600 eV) and with energies encompassing the L3
resonance (see Table I).

From these experimental data, we used a matrix formalism,
implemented in DYNA,34 to extract the structural and magnetic
parameters. All the structural parameters are listed in Table I and were
confirmed by XRR recorded with hard x rays [Cu Ka1 (�8047 eVÞ].
The reflectivity measurements give thicknesses in good agreement
with the nominal parameters set for the sputter deposition, though
10% to 20% larger. This can be explained by the fact that the quartz
balance used for the calibration during sample growth tends to slightly
underestimate the thicknesses. It is relevant to note that the large
angular range covered for the XRMR measurements imposes tight
boundary conditions on the fit parameters, thus resulting in small
associated uncertainties.

The magnetic asymmetry is, in average, correctly reproduced
with a uniform magnetic depth profile through the entire iron layer;
however, it is not very good for the angular range ½20�; 30��. Note that
a more complex model with interface effects can probably correct this
disagreement.31,46 However, this is beyond the scope of this paper and
will be the aim of a future article.

C. Instrument design for TR-XRMR measurements

Our time-resolved experiments were performed using a newly
developed high-vacuum compatible reflectometer, illustrated in Fig. 3.
The strong absorption of soft x rays under ambient conditions requires
for the setup to be placed in a vacuum chamber (p ’ 1� 10�7 mbar).
The sample holder and the detectors are mounted on in-vacuum step-
per motors, which allow rotations in the horizontal plane by h and 2h,
respectively. The sample holder can be moved in three orthogonal
directions (x, y, and z, indicated in yellow) and an additional rotation
enables us to tilt the sample surface with an angle v (red). The transla-
tions and the rotations have, respectively, a resolution and reproduc-
ibility smaller than 180nm and 0.01�. A home-built electromagnet
was designed to reverse the magnetization of the magnetic thin films
and is mounted next to the sample holder (purple). The magnet pro-
vides static magnetic fields up to 15mT. The control of the motors
and the collection of signals from the detectors are performed by a
dedicated program developed in C. The code is optimized for the
remote control of the setup and for the shot-by-shot recording of the
incoming x-ray pulses.

As depicted in Fig. 1, both the infrared (IR) pump and the x-ray
beams impinge on the sample surface at an angle h, the reflectivity
being probed in specular condition at an angle 2h with respect to the
incident direction. At the end of a 27 cm arm, two detectors are imple-
mented: an avalanche photodiode (APD) used to record the intensity
of reflected soft x rays and an ultrafast photodiode employed for the
measurement of the IR reflectivity as for alignment and calibration.
The angular aperture of the diodes was equal to 0.3� while the aperture
of the beam on the diode was about 0.2�. To further play with the
angular aperture, slits can be moved in front of the photodiodes to
increase the angular selectivity. To prevent IR radiation from reaching
the APD, a 400nm thick aluminum filter covers the entrance of a pro-
tecting box enclosing the APD.

APDs are high-speed and high-sensitivity devices using a voltage
named gain, to enhance their photo sensibility.47 The APD imple-
mented in our setup (SAR3000e1, Laser Components) was bench-
marked for readout speed with 707 eV photons at the Synchrotron
SOLEIL. We found that its time resolution is around 4 ns, i.e., much
shorter than the delay between subsequent x-ray pulses at FLASH2
(5ls; see Sec. IID). When increasing the gain voltage from 75 to
200V, the output signal is amplified by 10 and is proportional to the
light intensity. Note that by replacing the APD one dimension detector
by a 2D one, our XRMR setup could take advantage of the low energy

FIG. 1. Sketch of the TR-XRMR setup in the transverse configuration with the sam-
ple in orange, the x-ray detector in green, the transversal magnetic field H in violet,
the x-ray pulse in blue, the infrared pump pulse in red, and the scattering plane in
gray. Note that the static XRMR setup is identic without the pump pulse.

FIG. 2. Static x-ray reflectivity curves recorded at Synchrotron SOLEIL at the Fe L3
edge (704.7 eV; resolving power DE=E ¼ 2� 10�4), with p incoming polarization,
for two opposite in-plane magnetization directions perpendicularly to the scattering
plane. The reflectivity data (dots) and fits (lines), for both directions of the magnetic
field (þ and �) Iþ and I�, are shown in red and blue. The derived asymmetry A
(gray dots) is compared to the simulated data (black line).

TABLE I. Average of structural parameters derived from the fits of static XRMR
curves obtained at Synchrotron SOLEIL with photon energies tuned to 600.0, 704.7,
705.1, 706.1, 707.1, 708.1, and 709.1 eV as well as from XRR measurements at
8047 eV.

Density (mol cm�3) Thickness (nm) Roughness (nm)

Pt 0.097 3.26 0.2 0.96 0.1
Fe 0.120 18.46 0.2 0.86 0.2
Pt 0.097 3.96 0.2 0.36 0.1
Ta 0.078 3.36 0.2 0.56 0.2
Si 0.083 0.36 0.2
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resolution48 or could be extended to x-ray resonant magnetic scatter-
ing, opening new opportunities to probe spin textures.49,50

D. Pump–probe parameters and temporal structure

The TR-XRMR measurements were performed at the FL24
beamline of the FLASH2 FEL. The pump pulses were delivered by an
IR laser (k ¼ 800 nm) with a pulse duration of 50 fs and linear polari-
zation. The sample was probed by soft x-ray pulses tuned to the L3
edge of iron (see Sec. IIIA for more details on the probe energy) with
an approximate duration of 80 fs and p polarization. The pump
and probe beams reach the sample in a collinear geometry. The delay
Dt separating the IR pulse from the x ray one can be varied up to sev-
eral hundreds of picoseconds with an average temporal jitter of
100 fs.51 Note that in the future, the goal for FLASH2 is to achieve a
jitter of 20 fs.

The radiation produced by FLASH2 is typically grouped in trains
of pulses (Fig. 4) having a frequency of ftrain ¼ 10Hz. For our experi-
ment, within a train, we had 40 pulses arriving at a frequency
fFEL ¼ 200 kHz. As the FEL pulses result from a self-amplified

spontaneous emission process, the intensity and the spectral distribu-
tion vary from pulse to pulse.52 Furthermore, the average light inten-
sity can also fluctuate on longer timescales due to FEL instabilities.53

In order to compensate for these FEL fluctuations and improve the
signal-to-noise ratio, we used a pump frequency equal to fFEL=2 and
averaged separately the “pumped” and the “unpumped” events over
several trains. More precisely, we worked with 40 pulses per FEL train
and used 10 trains for a set of constant measurement parameters, such
as the angle h, the delay Dt, and the magnetic fieldþ or �. It is worth
mentioning that the high pulse frequency of the FEL can induce signif-
icant static sample heating and even sample damage. With the aim of
checking for such effects, we systematically compared the data points
recorded at the beginning and at the end of a given pulse train and
found no evidence for a change of the sample properties. This finding
indicates that the sample has sufficient time to relax back to equilib-
rium between the pulses.

E. Effective fluence

For angular scans, the variation of the incidence angle, h, leads to
an angle-dependent footprint of the pump and probe beams on the
sample. At constant pulse intensity of the IR pump, this implies that
the effective absorbed pump fluence also displays an angular depen-
dence. This variation can be compensated by modulating the intensity
of the incoming IR pulses, thanks to the combination of a wave plate
(WP) and a polarizer. The effective fluence at the sample can be
expressed as

FðaWP; h; S0Þ ¼ EðaWPÞ
sin h
S0

1� IIRðhÞ½ �; (1)

where EðaWPÞ is the energy of the pump for a given WP angle aWP, S0
is the footprint of the beam on the sample at normal incidence, and
IIRðhÞ stands for the IR reflectivity at a given incidence angle normal-
ized between 0 and 1. We, therefore, measured IIRðhÞ as a function of
the incidence angle h and calculated the pump IR energy needed to get
a constant absorbed fluence over a wide angular range. For practical
reasons, at constant EðaWPÞ, a variation of 630% of the fluence was
considered to be acceptable and angular scans were recorded over a
reduced angular range. The data gathered for different angular ranges,
each for a fixed EðaWPÞ, were then stitched together to obtain the h-
scans shown in Sec. III. We set the effective pump fluence to be

FIG. 3. 3D illustration of the instrument. The sample holder can be translated along
three orthogonal directions (x, y, and z) (yellow arrows) and tilted by an angle v
(red). The electromagnet (violet) is placed close to the sample (orange). The ava-
lanche photodiode (APD) (green) and the ultrafast photodiode (blue) are mounted
on an arm describing a circular arc around the sample. The incidence angle at the
sample, h, is controlled by a further independent rotation.

FIG. 4. Temporal structure of the pump
and probe pulses: each vertical line repre-
sents an IR (red) or x-ray (green) pulse. p
is the number of pulses per train. q is the
number of trains per data point. H is the
magnetic field, which is reversed after q
trains.
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1:660:5mJcm�2 (corresponding to an average demagnetization of
2567%) while the FEL fluence was 3:8� 10�3 mJcm�2, well below
the pumping threshold.54

III. RESULTS AND DISCUSSION

The strategy for pump–probe measurements described above
makes it possible to collect structural (S) and magnetic asymmetry (A)
signals under pumped (Pu) and unpumped (Un) conditions. The
structural (magnetic asymmetry) signal pumped and unpumped are,
respectively, noted as SPu (APu) and SUn (AUn). To highlight the effects
of the pump on the structure and the magnetic asymmetry, we define
the ratios Sn ¼ SPu=SUn and An ¼ APu=AUn as normalized signals.

In the present study, we focused on two types of scans: angular
scans where we vary the incident angle h at a fixed delay Dt, and delay
scans which record the entire time trace at one incidence angle h.
Before turning to the results, it is worthwhile examining the key points
for the feasibility of such measurements at FLASH2.

A. Soft x-ray photons with the FLASH2 third harmonic

FLASH2 was designed for producing femtosecond light pulses
with a fundamental wavelength down to 4 nm (�300 eV).55 Such pho-
ton wavelengths are inadequate to probe the entire sample thickness
with depth resolution below the nanometer range. However, when an
FEL operates in the saturation regime, the microbunching of the elec-
trons develops odd higher harmonics.55–57 One goal of the study was
to examine the feasibility of using the third harmonic of the source to
perform TR-XRMR studies at the Fe L3 edge. To prevent that the fun-
damental wavelength reaches the APD, one 400nm Si and two
400nm thick Al filters as well as a gas monitor detector (GMD) were
used. With these devices, a ratio of 104 between the intensity of the
third and the first harmonic of the FEL can be estimated, which is suf-
ficient to neglect the effects of the first order. To confirm this purpose,
we have collected and compared static energy scans on the same sam-
ple at FLASH2 and at Synchrotron SOLEIL, as displayed in Fig. 5(a).
The reflected intensities recorded at FLASH2 were taken with the third
harmonic of a fundamental wavelength scanned around 5.26 nm,
which was meant to deliver photons tuned to the L3 edge of iron. At

these energies, there is no monochromator available on the FL24
beamline. The measurements shown in Fig. 5(a) for a fixed incidence
angle h ¼ 7:5� were performed at FLASH2 (black) and at SOLEIL
(blue) and are both calibrated to the reference of Chen.58 Those two
curves are quite different; however, if SOLEIL data are convoluted
with a Gaussian profile having a full-width at half maximum
(FWHM) of 7 eV, a good agreement is achieved. The result clearly
confirms our ability to measure soft x rays around the Fe L3 edge at
FLASH2 with a broad energy resolution of 7 eV.

In the rest of the study, we performed measurements at 701 eV
because it is a good compromise to be as close as possible to the L-
edge (706.8 eV based on the Ref. 58) while having a maximum of pho-
tons [which decrease with the photon energy, Fig. 5(a)]. Note that
because of the broad energy resolution, even at 701 eV, we still get a
good magnetic contrast as shown by the magnetic asymmetry in Fig.
5(b). In this figure, both structural signal and asymmetry were mea-
sured without pump and can be reproduced with the simulations
using the structural and magnetic parameters obtained from the fit of
angular scans carried out at SOLEIL (Fig. 2 and Table I), by only
changing the energy resolution to 7 eV FWHM. This underlines the
feasibility of XRMR measurements with the third harmonic at
FLASH2.

B. Detector linearity

Because of the FEL intensity fluctuations already discussed in
Sec. IID, it turns indispensable to normalize the probed reflectivity by
the incoming FEL intensity.59,60 For that, we used the FEL intensity
measured by upsteam GMD available at the FL24 beamline,57 which
has the advantage of delivering information on individual x-ray pulses.
As this upstream GMD is placed before the different filters used to
attenuate the first radiation harmonic, both the first and the third har-
monics are simultaneously monitored. As a reminder, the reflectivity
recorded by our APD is only coming from the third harmonic (see
Sec. IIIA).

Figure 5(c) shows the correlation between the intensities mea-
sured pulse-by-pulse by the GMD and the APD at constant h, Dt and
applied magnetic field. It is obvious that the correlation between the

FIG. 5. Static measurements. (a) Comparison of energy scans recorded at FLASH2 and at SOLEIL with an incident angle h ¼ 7:5�. The data from FLASH2 (black dots),
recorded with an energy resolution DE ¼ 7 eV, are compared to the results from SOLEIL (blue line, DE ¼ 140meV). For the sake of a direct comparison, the FLASH data
were compared with a scan of SOLEIL convoluted with a Gaussian profile having a full-width at half maximum (FWHM) of 7 eV (green line). (b) Unpumped structural S (orange
dots) and magnetic asymmetry A (gray dots) signals recorded at FLASH2 with 701 eV photons. The simulations were made from the structural and magnetic parameters
derived in the Table I, with the energy and resolution of FLASH2, namely, 701 6 3.5 eV. (c) Correlation between the APD and GMD signals for h ¼ 26:3�. The different colors
correspond to the correlation for the ith pulse in the train. The inset shows only the correlations for the first (i¼ 1) and the last pulse (i¼ 40) in the train during 190 trains.
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GMD and the APD changes during the train: over the first pulses, the
correlation is rather linear (see blue curve in the inset) and gradually
evolves toward a better linearity with a different slope for the last
pulse.61 This observation clearly indicates that it is necessary to use a
pulse-by-pulse normalization of the measured intensity.

C. Reproducibility of the data

In order to prove the robustness of our measurements, we cross-
checked data recorded under the same conditions but in two different
manners: angular and delay scans. Typical TR-XRMR results obtained
at FLASH2 are shown in Fig. 6. The figure displays the structural sig-
nals Sn (upper panels) and the magnetic asymmetry signals An (lower
panels) recorded during delay scans (left panels) and angular scans
(right panels). For comparison, selected data points from the angular
scans (right panels) are drawn with large symbols on top of the delay
scans (left panels). The juxtaposition clearly indicates that the mea-
sured values are independent of the type of scan and demonstrates the
reliability of the experimental setup.

D. Ultrafast magnetic and structural dynamics

The An and Sn responses illustrated in Fig. 6 deliver sharp insight
into the evolution of magnetic and structural properties of the iron film

following the pump excitation. The angular scans in Figs. 6(c) and 6(f),
respectively, display large contrast for different delays Dt > 0.

The magnetic asymmetry signal An, Figs. 6(d) and 6(e), decreases
quasi instantly after the pump, reaches a minimum at 0.3 ps, and
recovers slowly for longer delays. This behavior matches the expected
ultrafast demagnetization of the iron film and gives a time constant of
the ultrafast demagnetization s ¼ 90640 fs. Note that An is not pro-
portional to the bare magnetization but incorporates the detailed mag-
netic depth profile of the sample, which can lead to values outside the
½0; 1� interval. In contrast, the structural signal Sn in Figs. 6(a) and 6(c)
stays rather constant for delays Dt < 1 ps and changes to reach a max-
imum amplitude at 7.28 ps, for both incidence angles. The constant Sn
signal before 1ps implies that for these timescales, the An changes are
purely driven by magnetization changes. For longer delays, Sn displays
a damped oscillating behavior, with a period roughly equal to 2� 7.28
ps. This characteristic delay corresponds to the time needed for an
acoustic sound wave to pass through all layers from the surface to the
substrate at the speed of sound. This result is in agreement with recent
observations32,62–65 concluding that the ultrafast demagnetization pro-
cess is accompanied by a strain wave that expands with a velocity of a
few nm ps�1.

The angular scans are currently quantitatively analyzed using the
matrix formalism implemented in the DYNA code (see Sec. IIA).

FIG. 6. Time resolved measurements. (a) Delay scan displaying the variation of the normalized structural signal Sn (small dots) as a function of the delay at two incidence
angles. Solid lines are guides to the eye. (b) For Dt ¼ 7:28 ps, the bottom subfigure shows SPu and SUn, respectively, the pumped and unpumped experimental structural
data, while the top subfigure displays their ratio Sn ¼ SPu=SUn (c) Angular scans of the normalized structural signal Sn for various delays. The two vertical blue and red solid
lines in panel (c), located at h ¼ 22:65� and 28�, indicate the selected Sn values shown with large symbols of the same color in panel (a). Lower panels (d) and (f) follow a
similar illustration strategy than (a) and (c) but display delay and angular scan results for the magnetic asymmetry signal An. (e) Same as (d) but zoomed on early time delays.
All data were recorded with 7016 3:5 eV photons.
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The detailed aspects of the numerical treatment are beyond the scope
of this paper and will be addressed separately. As anticipated, the
reflectivity curves can be fitted to extract transient parameters like the
thicknesses and the magnetic profile of the layers. More easily, the
oscillations of Sn shown in Fig. 6(c) can already be related to a dilation
of the layer; a shift of 0.18� between the two curves can be observed in
Fig. 6(b) displaying the structural unpumped SUn and pumped signals
SPu. From this shift and with the Bragg’s law, it is possible to determine
the thickness d of the iron film37,66 and the dilation of the film upon
laser excitation dPu � dUn. By considering only the Fe layer, we discern
a dilation dPu � dUn of �1:5 Å. A more precise value can be derived
when accounting for all layers of the sample, a task which is rather
straightforward with DYNA, and gives a dilation of �2 Å. A more
quantitative analysis will allow us to retrieve exactly from which layers
this transient dilatation is coming from.

The main added value of TR-XRMR experiments is the potential
for determining the evolution of the magnetic depth profile with time.
While the sample considered in this contribution was merely designed
for the benchmark of TR-XRMR experiments at FLASH2, we can
already put forward an important finding: the results rule out the sce-
nario of a homogeneous demagnetization. This finding is illustrated in
Fig. 7, which shows simulations of An with a homogeneous demagneti-
zation imposed through the Fe layer. In other words, as shown on the
left, the static magnetic moment of the entire layer is assumed to be
simply reduced during the demagnetization process. In this case, the
simulations show that the An signal should display almost no angular
dependence, which is in contradiction to the measured data displayed
in Fig. 6(f) and also shown in Fig. 7 for Dt of 300 fs. While further
quantitative analysis is needed to extract the transient depth magnetic
profile of the iron layer, it becomes clear that the present results call
into question the scenario of homogeneous demagnetization. In line

with our observation, recent studies by Chen et al.17,18 and Shokeen
et al.9 reported on dissimilarities between the demagnetization of the
front and back layers of ferromagnetic layers. A more quantitative
analysis, which is currently ongoing, will reveal the precise transient
depth magnetic and structural profile, bringing new information to
understand the complex femtomagnetism processes.

IV. CONCLUSION

In this article, we demonstrate the feasibility of TR-XRMR mea-
surements at FLASH2 with photons tuned to the Fe L3-edge. While
FLASH2 was designed for optimal performance for energies up to
310 eV, we found that properties of the third harmonic are adequate
for TR-XRMR studies at higher energies. Despite a broad energy reso-
lution of 7 eV, FLASH2 measurements are successfully confronted
with a set of reference data collected at Synchrotron SOLEIL. We
review key experimental aspects and demonstrate how to extract the
best magnetic and structural responses of the sample. The TR-XRMR
highlights two different dynamics at different time scales. Within the
first hundreds of femtosecond, the magnetic asymmetry signal shows
an ultrafast decrease linked to the usual ultrafast demagnetization
while the structural signals begin to change after a few picoseconds.
Our preliminary analysis highlights the non-homogeneity of the
demagnetization in depth as well as a dilation and oscillation of the
thin film thickness due to an optically launched strain wave. This work
demonstrates the potential of TR-XRMR performed at FEL to unravel
what are the microscopic mechanisms at play after an ultrafast optical
excitation of a magnetic thin film.
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