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Time-resolved resonant magnetic scattering in the soft-x-ray range is a powerful tool for accessing the spatially resolved
and element-specific spin dynamics in magnetic materials. So far, the application of this photon-demanding tech-
nique was limited to large-scale facilities. However, upgrades to diffraction-limited storage rings supporting only x-ray
pulses beyond 100 ps, and the shift of x-ray free-electron lasers toward attosecond pulses aggravate the competition for
beamtime in the picosecond time window, which is of utmost relevance for magnetism research. Here we present the
development of a lab-based instrument providing sufficient photon flux up to 1.5 keV photon energy covering the soft-
x-ray resonances of transition and rare-earth metal atoms. Our setup features the mandatory tunability in energy and
reciprocal space in combination with sub-10 ps temporal resolution, exploiting the broadband emission of a laser-driven
plasma x-ray source, which is monochromatized to about 1 eV bandwidth by a reflection zone plate. We benchmark
our approach against accelerator-based soft-x-ray sources by simultaneously probing the laser-induced magnetic and
structural dynamics from an antiferromagnetically coupled Fe/Cr superlattice. Our development lays the founda-
tion for laser-driven resonant scattering experiments to study ultrafast ordering phenomena of charges, spins, and
orbitals. © 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.435522

1. INTRODUCTION

Throughout the last decades, the main focus of the ultrafast
magnetism community has been predominantly on ferri- and
ferromagnetic (FM) materials [1–3]. Today, the interest in anti-
ferromagnetic (AFM) materials is growing because of their unique
properties, such as their faster intrinsic time scales [4], their immu-
nity to magnetic (stray) fields, and their advanced application in
opto-spintronics [5]. Due to the absence of a net magnetization
M = | EM1 + EM2| = 0 in AFM materials with equivalent sublattice
magnetizations EM1 =− EM2, conventional pump-probe tech-
niques, such as the time-resolved magneto-optical Kerr or Faraday
effect, as well as x-ray magnetic circular dichroism (XMCD), fail
to provide a measure of the magnetization, as they depend linearly
on the magnetization M. More advanced techniques, such as
magnetic second-harmonic generation (SHG) [6], the magnetic
Voigt effect [7], or x-ray magnetic linear dichroism (XMLD) [8],
can access the AFM order parameter L= | EM1 − EM2|/2, but they
require distinct crystal symmetries and suffer from significant
non-magnetic background contributions.

Resonant magnetic soft-x-ray scattering (RMXS) overcomes
the limitations of the former methods by combining spectro-
scopic sensitivity with access to reciprocal space [9]. The relevant
resonances at the absorption edges of the transition metal (TM)
L edge and rare-earth (RE) M edge enable element selectivity as
well as large magnetic contrast. At the same time, the position of
the magnetic scattering in reciprocal space is a direct measure of the
AFM periodicity in real space, while the integrated magnetic scat-
tering intensity is proportional toL2. This allows for probing AFM
dynamics at its relevant time and length scale in a pump-probe
manner utilizing ultrashort soft-x-ray pulses.

Since time-resolved RMXS requires a bright, tunable, and
pulsed soft-x-ray source, such experiments have so far been lim-
ited to large-scale facilities such as synchrotron-radiation sources
[4,10,11] and free-electron lasers (FELs) [12,13]. While FELs are
already approaching the attosecond regime [14,15], the ongoing
upgrades of most storage rings toward the diffraction limit (DLSR)
[16] will increase the default pulse length at most fourth gener-
ation synchrotrons above the 100 ps range. This will aggravate
the competition at large-scale facilities for experiments with few
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picosecond temporal resolution, which are relevant for a plethora
of phenomena in ultrafast magnetism, such as all-optical magnetic
switching [17], remagnetization processes [18], spin precession
dynamics [19,20], laser-driven phase transitions [21,22], as well
as spin-lattice-related effects such as ultrafast magnetostriction
[23,24], manipulation of the magneto-crystalline anisotropy [25],
and heat diffusion in magnetic nanostructures [26], to name only a
few.

To that end, a functional and reliable approach to carry out
transient RMXS with a few picosecond temporal resolution is
mandatory. Although laser-driven high-harmonic generation
(HHG) sources [27–29] are steadily increasing in photon flux
and now cover the water window up to 500 eV, their brightness in
the relevant photon range from 500 to 1300 eV is still too low for
RMXS experiments. Therefore, we developed a scattering instru-
ment employing a laser-driven plasma x-ray source (PXS) [30] to
generate ultrashort broadband soft-x-ray pulses from below 50 eV
to above 1500 eV, covering the magnetically dichroic absorption
L and M edges of most TM and RE elements, respectively. To
maintain high photon flux, we collect, focus, and monochro-
matize the soft-x-ray pulses with a few-picosecond duration by
a tailored reflection zone-plate (RZP) optic into an in-vacuum
diffractometer for time-resolved laboratory RMXS experiments.

In order to demonstrate the performance of the setup and to
highlight the power of the RMXS technique, we investigate the
photo-induced dynamics in an AFM-coupled Fe/Cr superlattice
(SL) [31]. These artificial magnets typically provide sample struc-
tures of high structural quality with tailored functionality, leading
to a high technological relevance, e.g., due to the giant magneto-
resistance (GMR) effect [32,33]. By spectroscopically recording
the reflectivity of the superlattice around the dichroic Fe L3 res-
onance, we demonstrate the energy tunability and characterize
the energy resolution of our instrument. We show static recip-
rocal space scans, which clearly evidence the resonant magnetic
scattering off an AFM Bragg peak, which was, so far, inaccessible
for lab-based instruments. In addition to the magnetic scattering,
the large artificial unit cell of the Fe/Cr SL also leads to structural
Bragg peaks, which we here exploit to provide access to the lattice
dynamics [34] in one and the same experiment. By simultaneously
probing the amplitude of the AFM Bragg peak and the shift of the
structural Bragg peak after excitation, we are able to directly relate
structural and magnetization dynamics, providing an ultimate
understanding of the underlying coupling mechanisms of these
two degrees of freedom on ultrafast time scales. Our instrumental

approach enables a broad class of time-resolved experiments on
ordering phenomena so far only feasible at large-scale facilities.
In particular, it allows us to investigate the coupling of different
degrees of freedom, such as spins and the lattice, on the relevant
picosecond time and nanometer length scale.

2. MATERIALS AND METHODS

We produce pulses of monochromatized soft x-rays and tune them
across the Fe L-absorption edges. The photons are scattered off
the sample into a detector within a diffractometer setup as shown
in Fig. 1. The driver for the PXS is an in-house-developed double-
stage thin-disk amplified laser, producing pulses with a duration
of 2 ps full width at half-maximum (FWHM) at a wavelength of
1030 nm with a sizable pulse energy of 150 mJ at 100 Hz repetition
rate [35]. A pump beam for sample excitation is extracted from the
same laser via a 3:97 beam splitter, where the larger part is focused
into the vacuum chamber hosting the PXS. At the laser focus of
≈15 µm diameter FWHM, a spinning tungsten cylinder is placed
under an angle of 45◦. Upon laser excitation of the tungsten target,
a plasma is generated, which emits broadband x-ray radiation
[30] in the range of 50–1500 eV into the full solid angle. The
x-ray photon flux at the relevant Fe L edges (695–735 eV) has
been determined to be 5.6× 1011 ph s−1eV−1sr−1 by a calibrated
spectrometer at the source. The full spectrum is shown as an inset
in Fig. 1. The intrinsic time scales of the x-ray generation processes
involved depend on the pulse duration of the driver laser and the
lifetime of the electrons inside the plasma. Our results on probing
sub-picosecond (ps) dynamics in the Fe/Cr superlattice allow for
determining the actual x-ray pulse duration to be below 10 ps; see
Section 3.

We chose an RZP [36] as the single optical element to collect,
disperse, and focus the x-rays from the point-like PXS with a diam-
eter of≈ 40 µm FWHM toward the sample position. The RZP is
placed 1000 mm away from the source point at a grazing incidence
angle of 2.0◦, operating at an exit angle of 3.6◦. The calculated
magnification of the RZP is 7.2 at its focus position 4000 mm
downstream. The distances between source, RZP, and focus
represent a compromise between obtaining a large collection angle
and a sufficient resolving power of E/1E = 200 with a focus of
approximately 288 µm FWHM. We estimate the detectable pho-
ton flux at the sample position as 1.2× 106 ph s−1eV−1, which
compares well with laser slicing facilities [37] or hard-x-ray PXS
sources [38,39].

Fig. 1. High-energy laser pulses are focused onto a rotating and translating tungsten cylinder, emitting broadband soft-x-ray radiation into the full solid
angle via laser-plasma generation. The inset shows the emitted spectral distribution as measured by a calibrated spectrometer at the source, and the gray area
indicates the energy range around the Fe L3 and L2 edges from 695 to 735 eV. A reflection zone plate captures this part of the x-rays that are simultaneously
focused and dispersed onto an adjustable slit for monochromatization. Part of the blocked x-rays are detected by an x-ray-sensitive SiC diode for normaliza-
tion. Monochromatic soft x-rays pass the slit and resonantly scatter off the antiferromagnetic Fe/Cr superlattice, as depicted in the upper right scheme, in a
ϑ–2ϑ-geometry onto a CCD. The pump beam is used to excite the sample at variable delays.
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We increase the nominal energy resolution of the beamline to
about 1.2 eV by closing a variable slit down to 100µm at the focus
position of the RZP. In order to scan the photon energy across the
40 eV range, including the Fe L3 and L2 absorption edges, we tilt
the RZP pitch by only a few millidegrees [37]. For photon energies
far away from the RZP’s design energy of 705 eV, this procedure
results in a decrease in energy resolution and an increase of the
horizontal focus size as depicted by the RZP focus image at the slit
position in Fig. 1. The latter issue can be addressed by horizontal
slits in order to fix the x-ray spot size on the sample. Access to reso-
nances of other magnetic elements is readily provided by additional
RZPs mounted on the same manipulator [37].

The sample and a CCD detector are mounted onto an in-
vacuum ϑ–2ϑ diffractometer setup at room temperature. The
previously split-off pump beam can be delayed by a mechanical
stage and is coupled into the vacuum while being focused onto
the sample. We use a pump focus diameter of approx. 500 µm
FWHM with an incident fluence of 66 mJ/cm2. The actual
absorbed fluence in the sample can be estimated as only 7%–18%
of the incident fluence due to reflectivity of the pump light at the
sample surface and spot size broadening for the relevant range of
incidence angles ϑ . In order to account for the intensity fluctua-
tions of the PXS due to the mechanical instabilities and material
inhomogeneities of the rotating target, we use an IR-insensitive
SiC photodiode, mounted onto the slit blades, monitoring part of
the blocked x-ray intensity.

The Fe/Cr SL sample was grown on a GaAs substrate by
molecular beam epitaxy (MBE). Twenty repetitions of 0.9 nm
thick Fe and 0.9 nm thick Cr layers were grown onto a 150 nm
thick Ag buffer layer and capped by a single 0.9 nm thick Fe layer
and a 2 nm thick MgO layer for oxidation protection. The individ-
ual Fe layers are aligned ferromagnetically in-plane as in standard
thin-film samples, but the individual layers couple antiferromag-
netically along the out-of-plane direction as seen in the sample
sketch in Fig. 1 (top right).

3. RESULTS AND DISCUSSION

The artificial periodicity of the repeated Fe/Cr double-layer thick-
ness DDL = 1.8 nm enables us to access structural Bragg peaks
even with soft x-rays of a few-nanometer wavelength [34]. We
define the position of the first-order structural Bragg peak (SL1) as
L = 1 in reciprocal lattice units (rlu). In addition to the structural
periodicity, the AFM order causes a super-periodicity of two Fe/Cr
double layers, containing two antiparallel aligned FM Fe layers
[40]. Hence, the AFM order leads to purely magnetic half-order
Bragg peaks at L = n/2 (n ∈N). For the special case of the sym-
metric 0.9 nm Fe and 0.9 nm Cr double layers, only odd diffraction
orders are allowed, and no magnetic scattering contributes to the
structural Bragg peaks.

In order to probe the AFM Bragg peak, tuning of the photon
energy to the magnetically relevant resonances is vital. We first
determine the reflection spectrum of the Fe/Cr SL around the Fe
L3 and L2 absorption edges. To that end, the sample and detector
are aligned at ϑ = 10◦ (2ϑ = 20◦) to benefit from a high sample
reflectivity and a rather small L-dependence of the reflectivity far
away from the magnetic and structural Bragg peaks. By scanning
the incident photon energy, we fully resolve the Fe L3 and L2

absorption edges as shown in Fig. 2. We use a linear conversion
of the RZP pitch angle to the photon energy transmitted by the
RZP monochromator by comparing the experimental data to a

Fig. 2. Reflectivity spectrum around the Fe L3 and L2 absorption
edges of the Fe/Cr SL, measured at a grazing incidence angle ϑ = 10◦.
The solid line represents a simulation including magnetic and charge
scattering. The experimental data was scaled in intensity to fit the
simulation.

simulated spectrum [41]. The calculation relies on high-resolution
atomic and magnetic form factors from synchrotron measure-
ments and incorporates variations of the layer thickness, density,
and Gaussian roughness [42].

The experimental and simulated reflection spectra agree well
and justify the working principle of the RZP-based monochroma-
tor. Moreover, we can determine the resolution of the spectrometer
by convoluting the simulated spectrum with a Gaussian of variable
width and fit it to the experimental data. This fit yields a resolu-
tion of 1.5± 0.2 eV FWHM at the Fe L3 absorption edge and is
slightly larger than the estimated resolution of 1.2 eV for a 100µm
slit size. The broadening of the Fe L2 peak in the experimental data
can be explained by the decrease of spectral resolution of the RZP
further away from its design energy of 705 eV. In order to achieve a
simulation-independent energy calibration of the setup, a thin Fe
foil can be placed in the polychromatic x-ray beam upstream of the
RZP. This will lead to distinct absorption lines in the focus of the
RZP, which can be used for calibration [43].

For the following experiments, we fix the x-ray photon energy
to the maximum of the Fe L3 absorption edge around 707 eV. We
perform a static ϑ−2ϑ scan, also known as L-scan, and indeed
detect the structural SL1 Bragg peak as well as the AFM SL0.5
superstructure diffraction peaks; see Fig. 3. To validate the res-
onant magnetic nature of the SL0.5 peak, we compare it to an
off-resonant L-scan at E = 680 eV, which shows the presence of
the structural Bragg peak with the AFM Bragg peak being absent
due to the lack of magnetic contrast.

This data at the Fe L3 edge undoubtedly proves resonant mag-
netic scattering from a laser-driven soft-x-ray source. In addition,
we compare the on-resonant experimental data, (scaled in inten-
sity) with a magnetic scattering simulation of the same sample
structure [41] and again find a good agreement. This corroborates
the use of our normalization scheme, covering more than two
orders of scattering intensity variation. However, for reflectiv-
ities below 10−4, a feasible signal-to-noise ratio of our current
setup is reached. We want to highlight that although the magnetic
scattering cross section depends on the x-ray polarization and
magnetization direction of the sample [44], resonant magnetic
scattering is still feasible with the unpolarized and temporally
incoherent PXS.

After determining the optimum x-ray photon energy and
positions in reciprocal space, we probe the dynamics of the AFM
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Fig. 3. Static L-scan of the Fe/Cr SL at resonance (E = 707 eV,
blue dots) and off resonance (E = 680 eV, orange dots). The blue solid
line represents a scattering simulation of the sample structure including
magnetic and charge scattering. At L = 1 the structural Bragg peak is
present for both photon energies, while the AFM Bragg peak at L = 0.5
only appears on-resonance and is also reproduced by the simulations. The
experimental data was scaled in intensity to fit the simulation.

Fig. 4. Average of multiple delay scans of the SL0.5 AFM Bragg peak
intensity at the Fe L3 absorption edge. The peak intensity decreases within
a few ps and recovers over hundreds of ps upon photoexcitation, tracing
the magnetic response of the sample. The solid line represents a double-
exponential fit, and the error bars indicate a confidence interval of 67%.

order and lattice after photoexcitation. The temporal overlap of
the pump pulses and the residual IR pulses in the probe beam is
determined by sum-frequency generation in a beta-barium borate
(BBO) crystal at the sample position. For probing the AFM order
parameter, we record the scattered intensity of the AFM Bragg peak
at L = 0.5 at the L3 absorption edge as a function of pump-probe
delay as shown in Fig. 4.

The delay scan shows a sharp drop of the magnetic SL0.5 peak
intensity upon excitation at delay t = 0 ps within a few ps and a
slow recovery over more than a nanosecond. These dynamics can
be well explained by an ultrafast quenching of FM order in the
individual Fe layers due to the excitation of electrons by the intense
pump pulses and a subsequent loss of AFM order within the whole
SL. The underlying processes of the demagnetization can include
sub-ps effects such as direct field-driven transfer of spins [45,46],
super-diffusive spin transport [2], and Elliot–Yafet-like spin-flip

Fig. 5. Average of multiple delay scans on the low-angle side of struc-
tural SL1.0 peak at L = 0.95. The rapid rise of the signal is due to a
Bragg peak shift toward smaller L because of the photoinduced lattice
expansion. The double-exponential fit is a guide to the eye and does not
fully account for the complex phonon dynamics and the corresponding
translation of peak shift and broadening into an intensity variation. The
error bars indicate a confidence interval of 67%.

scattering [47]. As the demagnetization is at least an order of mag-
nitude faster than the expected soft-x-ray pulse duration, we use
the rapid signal drop to determine the upper bound of the temporal
resolution of the RMXS experiment. We extract the temporal
resolution from a fit with a double-exponential decay-recovery
function convoluted by a Gaussian g (t) with variable width σ to
the raw data of Fig. 4 as shown by the solid line.

L2(t)= e−t2/2σ 2
~

(
Ae−t/τ1 + Be−t/τ2

)
.

The decay constant τ1 is fixed to the 2 ps duration of the pump
pulses, as the magnetization is guaranteed to be quenched within
this time frame. The fit parameter σ represents the temporal res-
olution, which is predominately governed by the duration of the
x-ray pulses, which we find to be σ = 9± 3 ps FWHM as an upper
bound. The recovery of the AFM order takes up to 1.5 ns, again fol-
lowing an exponential dependency. The de- and remagnetization
amplitudes have been determined as A=−B = 0.16.

The photoexcited electrons also couple to the lattice degree
of freedom by launching coherent and incoherent phonons. The
temporal resolution of the PXS is ideally suited to follow the few-
ps expansion of the Fe/Cr SL due to the excitation of coherent
acoustic phonons (sound waves) [34,48], typically resulting in a
pronounced shift of the structural Bragg peak. To demonstrate this
capability, we plot the scattered intensity at the low-angle slope
of the structural SL1 Bragg peak at L = 0.95, as seen in Fig. 5, to
translate the peak shift into an intensity modulation of the detected
x-ray signal.

The experimental data show a rise of the signal around delay
t = 0 ps estimated to be within about 20 ps as the lattice expansion
shifts the SL1 Bragg peak to lower L and leads to significant peak
broadening. The delay time for the maximum expansion of the SL
after photoexcitation is determined by the time it takes coherent
acoustic phonons to travel once across the SL with a thickness
DSL ≈ 37 nm. Assuming bulk longitudinal acoustic sound veloc-
ities, vFe = 4910 m/s and vCr = 5940 m/s, results in a travel time
of approximately 7.5 ps, which matches well with the observed
rise time of the measured intensity. The recovery of the Bragg peak
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position happens again on a ns time scale (not shown) and provides
important information about heat diffusion within the SL with its
high density of interfaces.

The two delay scans of the AFM SL0.5 and structural SL1 Bragg
peaks provide direct access to the relevant time scales of the under-
lying spin and lattice dynamics. In the future, the full potential of
transient RMXS will be exploited by time-resolved L-scans around
both Bragg peaks, paving the way to a full spatiotemporal map of
the correlated spin and lattice dynamics further complemented
by comparison to simulations [41,48,49]. Such experiments will
eventually provide access to layer systems containing non-collinear
and incommensurate AFM spin structures as well as cases where
non-equilibrium spin structures can appear transiently, e.g., during
de- and remagnetization processes.

4. CONCLUSION

We present the first resonant magnetic scattering results from
a soft-x-ray scattering instrument that we have developed to
realize time-resolved lab-based experiments with ps time reso-
lution, in particular, on magnetic samples. In our instrument,
an RZP monochromatizes and focuses the broadband emission
from a laser-driven plasma x-ray source. Tuning the photon
energy to the Fe L3 resonance, we achieve a photon flux of
1.2× 106 ph s−1eV−1 at the sample position, which, so far,
had remained unavailable in the laboratory context. We determine
the pulse duration of the x-ray source to be 9± 3 ps, which allows
for accessing the rich physics of spin–lattice interactions on a ps
time scale, as well as magnon, phase-transition, and remagnetiza-
tion/nucleation dynamics up to several ns delay. We demonstrate
the performance of our setup by presenting a full set of static and
transient resonant scattering data on an AFM-coupled Fe/Cr
superlattice. Our instrument is able to fully resolve the Fe L3

and L2 absorption edges in a reflection spectrum. A resonant
reciprocal-space scan proves the existence of a half-order Bragg
peak due to the AFM coupling of consecutive layers. Realizing
the simultaneous detection of the dynamics of the superlattice
structure and the interlayer magnetic order in a time-resolved
experiment, we achieve the first important milestone to compre-
hensively investigate correlated spin–lattice dynamics. The setup
can be further improved by nonlinear optical up- or downcon-
version of the pump light, e.g., by pumping an additional optical
parametric chirped pulse amplification (OPCPA) stage with part
of the thin disk laser output [50]. This eventually enables the
generation of photons in the mid-infrared range to resonantly
excite phonon modes and to directly control magnetic order via
spin–lattice interactions [51,52]. Our laboratory-based approach
will further allow us to particularly study the influence of exter-
nal parameters such as magnetic fields and temperature in great
detail. Such experiments will significantly contribute to the field of
picosecond dynamics in condensed matter, such as for charge, spin,
and orbital ordering in correlated materials. We are convinced that
our laboratory-based approach is not only an alternative but even-
tually a replacement for ps scattering experiments at synchrotron
facilities, many of which will soon undergo a DLSR upgrade,
making sub-100 ps pulses at these facilities hardly available.
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