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Introduction
The free-electron laser (FEL) sources FLASH in Hamburg, LCLS 

at Stanford, and FERMI in Trieste provide XUV to soft X-ray radiation 
(FLASH and FERMI) or soft to hard X-ray radiation (LCLS) with un-
precedented parameters in terms of ultrashort pulse length, high photon 
flux, and coherence. These properties make FELs ideal tools for study-
ing ultrafast dynamics in matter on a previously unaccessible level. 
This paper first reviews results obtained at FEL sources during the last 
few years in the field of magnetism research. We start with pioneering 
experiments at FLASH demonstrating the feasibility of magnetic scat-
tering at FELs [1, 2], then present pump–probe scattering experiments 
[3, 4] as well as the first FEL magnetic imaging experiments [5], and 
finally discuss a limitation of the scattering methods due to a quenching 
of the magnetic scattering signal by high-fluence FEL pulses [6]. All of 
the presented experiments exploit the X-ray magnetic circular dichro-
ism effect [7, 8] to obtain element-specific magnetic scattering contrast, 
as known from synchrotron experiments [9–12].

One of the key problems in modern magnetism research, ultrafast 
demagnetization, discovered by Beaurepaire in 1996 [13], acts on time 
scales of a few 100 fs, which are not accessible at standard synchro-
tron radiation sources. Since its discovery, ultrafast demagnetization 
was studied using optical femtosecond lasers; for a review see, e.g., 
[14], and femtoslicing sources [15] at storage ring sources [16, 17]. 
In both cases, spatial resolution is limited due to wavelength or flux 

limitations. In contrast, FELs combine high time resolution, element 
selectivity, and the spatial resolving power of X-rays with high photon 
flux and excellent coherence properties. FEL sources, therefore, prom-
ise a pivotal step forward in the investigation of ultrafast phenomena 
on nanometer-length scales. The rapid development of the FELs with 
respect to even shorter pulses, increased pulse stability, and special 
double-pulse schemes (e.g., for ultrafast movies [18]), will open up ex-
citing new opportunities in the field of material science.

Resonant Scattering from 
Magnetic Domain Systems

The very first proof-of-principle resonant magnetic scattering ex-
periment at X-ray FEL sources was carried out at FLASH in Hamburg 
[1]. In 2009, FLASH covered a photon energy range in the fundamental 
from 6.5 up to 50 nm with the routinely used cobalt L3-edge at 1.59 nm 
out of reach. However, by using the higher harmonics of the radiation, 
shorter wavelength can be reached at the expense of photon flux. In 
this experiment, FLASH was fine-tuned to a fundamental wavelength 
of 7.97 nm, which results in the fifth harmonic located at the cobalt 
L3-edge. The scattering pattern from magnetic domains of a cobalt/pal-
ladium multilayer system with a perpendicular magnetic anisotropy and 
typical domain widths in the 100 nm range was recorded. This demon-
strated that magnetic scattering as it is performed at synchrotron ra-
diation sources is feasible at FELs. However, the fifth harmonic of the 
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undulator makes up only about 0.03% of the total radiation power and 
also the beamline optics were not optimized for that photon energy. As 
a result, only 7 × 103 photons per pulse were available and the scatter-
ing signal from multiple FEL pulses had to be accumulated.

Due to this limitation, a test was performed to see if such magnetic 
domain systems could also be probed at the M-edge of cobalt. The re-
quired photon energy can be delivered by FLASH using the fundamen-
tal wavelength of the undulator. Tuning the photon energy to 59.6 eV, 

corresponding to the Co M2,3 resonance, yielded magnetic scattering 
contrast and the experiments at FLASH showed that magnetic domain 
systems can be non-destructively probed by single FEL pulses [2].

Pulse intensities of 1–2 µJ and a large beam size of 250 µm, yielding 
a fluence in the range of a few mJ/cm2, have proven to result in scatter-
ing patterns with good statistics (Figure 1).

For low-fluence pulses around 1–2 mJ/cm2, no changes are induced 
by the FEL [2], enabling measurements of equilibrium dynamics (e.g., 
in a future double-FEL-pulse experiment). For fluences of 4–5 mJ/cm2, 
permanent changes are induced in the domain configuration, such that 
the average domain width decreases. Here, it is important to note that 
these changes happen on longer timescales than the FEL pulse duration. 
The decrease in domain width is caused by a change of the magnetic an-
isotropy of the multilayer system due to changes in its structure. Scan-
ning-electron micrographs (Figure 2) show that the FEL irradiation led 
to a recrystallization of the system.

We note that, owing to the large beam size, data can be taken non-
destructively; however, the speckle pattern has a very fine structure 
with a typical size of 4 µm that cannot be resolved by the detector and 
the information about the local domain structure is lost.

In order to investigate ultrafast demagnetization using FELs, a 
dedicated sample chamber was constructed allowing for optical-pump–
FEL-probe measurements (Figure 3) at FLASH [19]. By employing 
the optical femtosecond laser available at FLASH as a pump, it was 
possible to probe the magnetic-domain system with the FEL during the 
de- and remagnetization processes [3].

Surprisingly, a shift in the peak intensity position of the small-angle 
scattering ring caused by the maze domain structure towards smaller 
momentum transfer q was observed on the same timescale of 300 fs 
as the demagnetization itself (Figure 4). Explanations involving a shift 
of domain walls fail since such processes would imply domain-wall 
speeds in excess of 107 m/s. This value would be orders of magnitude 
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Figure 1: Resonant magnetic small-angle scattering pattern of a cobalt/
platinum multilayer with perpendicular magnetic anisotropy, prepared in 
the disordered maze-domain state. The pattern is recorded using a single 
FEL shot of 30 fs duration at the cobalt M -edge at 59.6 eV. The pulse 
intensity of 2 µJ corresponds to a fluence of 4 mJ/cm2 and a power density 
of 1.3 × 1011 W/cm2. The color scale indicates the scattering intensity. Re-
printed from [2], © 2010 by The American Physical Society.

Figure 2: Scanning-electron micrograph of a non-irradiated (a) and an FEL irradiated (b) Co/Pt multilayer sample. The FEL irradiation leads to growth 
of the crystal grains.
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higher than reported for the group and phase velocity of magnons [20], 
or domain-wall speeds due to spin currents or magnetic fi elds [21, 22].

The authors of [3] identify ultrafast superdiffusive spin transport 
as proposed by Battiato and co-workers [23] as the origin for the shift. 
Majority- and minority-spin electrons have different scattering proba-
bilities in the magnetic system, such that when majority electrons cross 
a domain wall and thus become minority electrons, their probability 
to be scattered increases. Hence, minority electrons accumulate in the 
domain wall region, which leads to an effective softening of the domain 
walls. The softening of the domain walls affects the scattering factor 
of the domain structure in a way that the small-angle scattering ring 
shifts to smaller scattering angles. This behavior could be reproduced 
by Monte-Carlo simulations.

Such experiments show that lateral ultrafast spin transport phenom-
ena play a role in ultrafast demagnetization processes and have to be 
considered in nano-structured magnetic materials.

When LCLS at SLAC came online, experiments at higher pho-
ton energies became possible with high fl ux allowing for single-shot 
data acquisition. Using elliptically polarized X-rays, provided by a 
transmission polarizer [24] at energies of 707 eV (Fe L3-edge) and 
1189 eV (Gd M5-edge), a nanoscopically inhomogeneous GdFeCo al-
loy was investigated in an optical-pump–FEL-probe scattering experi-
ment [4]. In this study, it was possible to follow the nanoscale transfer 
of angular momentum after an optical excitation. Making use of the 
element selectivity and spatial resolving power of the X-rays, the com-
plex behavior of this transfer and the importance of the inhomogene-
ities (i.e., gadolinium- or iron-rich regions) in this material system was 
demonstrated.

These results show that FEL techniques can play a key role in study-
ing fundamental phenomena in the fi eld of ultrafast magnetization dy-
namics and spintronics.

Imaging of Magnetic Domains
Especially in view of the results gained in the pump–probe scatter-

ing experiments, revealing lateral structural changes in the spin system, 
it is highly desirable to directly image magnetic-domain dynamics at 
FEL sources with femtosecond time resolution. Lensless Fourier trans-
form holography (FTH) was chosen as the imaging technique to take 
snapshots of the magnetic-domain system.

For the case of magnetic samples, X-ray FTH was fi rst demonstrated 
in 2004 using synchrotron radiation [10]. From an experimental point of 
view, this technique is easy to implement as no additional optical ele-
ments are needed. Instead, a nanostructured mask fabricated directly on 
the sample substrate defi nes a fi eld of view of a few micrometers and a 
nearby pinhole creates a spherical reference wave. For magnetic systems 
with domains magnetized parallel and antiparallel to the beam axis, ref-
erence and magnetically scattered object wave fi elds interfere only if 
circularly polarized light is used [25]. To date, circularly polarized FEL 
radiation directly delivered by the source is only available at FERMI@
Elettra, Trieste. All other FELs need an additional polarizer to deliver el-
liptically polarized light at the cost of pulse intensity. The image contrast 
is diminished by the achievable limited degree of circular polarization.
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Figure 3: General design of an optical-pump–FEL-probe experiment. Both 
laser pulses are incident on the sample with an adjustable time delay Δt. 
The small-angle scattering signal of the magnetic sample is detected by an 
area detector. Reprinted with permission from [19], © 2013 AIP Publish-
ing LLC.
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Figure 4: Ultrafast demagnetization (a) and peak shift of the maximum 
intensity position of the radially integrated small-angle scattering ring (b). 
The solid lines are fi ts using the sum of three exponentials convolved with 
the experimental time resolution. The time constants of the exponentials 
are the demagnetization time and the time constants of the fast and slow 
recovery. Reproduced from [3].
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FTH at FEL sources has been pioneered at LCLS, where at the SXR 
beamline [26] an additional transmission polarizer [24] was used to 
generate 58% circularly polarized light with an energy of 778 eV cor-
responding to the L3 edge of cobalt. In this configuration, single-shot 
holograms were recorded showing a resolution of 80 nm [5].

After the FEL source FERMI came into operation in 2012, its ability 
to provide fully circularly polarized radiation was exploited for further 
experiments and the first magnetic imaging studies have been realized 
at the diffraction and projection imaging (DiProI) end station of FERMI 
[27, 28]. The photon energy has been tuned to the Co M-edge and the 
undulator has been set to deliver either left or right circularly polarized 
radiation. Holograms were taken in non-destructive mode. For both he-
licities, 15850 shots with a fluence around 6 µJ/cm2 were summed up to 
gain holograms with sufficient photon counting statistics. The sample 
design with the magnetic multilayer and holographic mask was opti-
mized for the low photon energy.

The difference of the scattering patterns from both helicities yields 
the magnetization hologram (Figure 5a) showing the typical interfer-
ence structure from the mask geometry and the magnetic speckles. The 
real-space structure (Figure 5b) is reconstructed from the hologram 
by a single 2D Fourier transform and applying procedures especially 
adapted to scattering into relatively large angles at a wavelength of 20.8 
nm [29]. Domains with a width of 70 nm are clearly resolved.

A first single-shot hologram of a magnetic domain system has been 
obtained [27]. However, it was not possible to reach as high resolution 
as for the multi-shot hologram shown here.

High-Fluence Limit
In order to obtain single-shot scattering patterns with excellent pho-

ton statistics that take advantage of the coherence of the FEL beam 
(i.e., speckles are resolved), the beam size has to be decreased and the 
FEL fluence has to be increased, in contrast to what was used in the 
scattering experiments discussed previously. From other FEL imaging 
experiments (e.g., [30]), it was expected that the sample would be de-
stroyed due to the high fluence on longer timescales, while the FEL 
pulse would be short enough to probe the still-unperturbed (magnetic) 
state of the sample.

However, the experiment shows a different behavior with respect 
to the scattering signal recorded. While a low-fluence multi-shot ref-
erence measurement features the expected scattering pattern (Figure 
6a), the corresponding single-shot pattern shows less scattering inten-
sity and also a lack of speckle contrast [6]. During the experiment, 
only the pulse energy was altered by inserting solid-state absorbers; 
the photon energy of 59.6 eV and the pulse length of 100 fs stayed 
unchanged.

It is argued in [6] that the intensity reduction by a factor of about 20 
is a consequence of photon absorption. Photoelectrons are created and, 
as a consequence, the binding energy of the remaining 3p electrons in-
creases such that the energy of the incident photons is no longer suitable 
for the resonant scattering process.

To corroborate this idea, a calculation of the electronic structure 
using a dedicated Hartree-Fock-Slater model code [31] has been per-
formed. This study finds that, already after 10–15 fs, more ionized than 

Figure 5: (a) Magnetic hologram calculated as the difference of holograms taken with left and right circularly polarized radiation at FERMI. The pho-
ton energy was tuned to the cobalt M-edge at 59.6 eV (20.8 nm) and the pulse length is around 80 fs. The color scale shows the scattering intensity on 
logarithmic scale preserving the sign resulting from the subtraction. (b) Real-space reconstruction of the hologram. The domains with a typical width of 
70 nm can be resolved clearly.
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Figure 6: Scattering images of a magnetic sample with domains partially aligned into stripes. The FEL is tuned to the Co M edge at 20.8 nm. (a) Scat-
tering pattern from 1000 low-fl uence shots with a total fl ux of 7.5 J/cm2. (b) Single-shot scattering pattern from a single pulse with a fl uence of 5 J/cm2. 
The scale bar indicates the number of photons per pixel. The scattering intensity is decreased by a factor of 20 in the high fl uence case. Furthermore, a 
parasitic signal originating from the destruction of the sample is visible. Reprinted from [6], © 2013 by The American Physical Society.
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non-ionized cobalt atoms are present in the sample, leading to a shift in 
the absorption edge.

This effect implies a photon flux limitation for resonant magnetic 
scattering at low photon energies.

Summary and Outlook
The advent of FEL sources makes it possible to study ultrafast 

magnetization dynamics in an element-selective and spatially resolved 
way. A spatial response was seen during ultrafast demagnetization, 
implying that superdiffusive spin transport plays an important role in 
the ultrafast demagnetization process in magnetically inhomogeneous 
samples. Making use of at least partially circularly polarized radia-
tion, the imaging of magnetic domains was also possible at the L- and 
M-edges of cobalt.

Future experiments will use double FEL pulse schemes, using the 
FEL for pumping as well as for probing. The FEL pulse can be split 
by an optical delay-line device for longer delay times up to the nano-
second range. A different method to generate double FEL pulses, even 
with slightly different energies, is to seed different parts of the electron 
bunch and therefore obtain two independent pulses with a delay time 
of a few hundreds of femtoseconds, as shown at FERMI [32]. Further-
more, THz radiation can serve as a pump. Here, FLASH offers the pos-
sibility to use a THz pulse created by the same electron bunch as the 
FEL radiation [33]. Hence, the jitter is minimal and measurements can 
be performed under phase-stable conditions.

Many FEL projects are under construction worldwide. One of 
those, the FLASH II project [34], currently under construction in 
Hamburg, will offer higher energies up to the L-edges of the transi-
tion metals of interest (Fe, Co, Ni) using the third harmonic of the 
undulator, and an option for providing circularly polarized radiation 
is foreseen. The direct availability of circularly polarized radiation 
will not only further promote magnetic FTH imaging experiments, 
but will also provide circularly polarized radiation independently of 
dichroic transitions.
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