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X-ray magnetic circular dichroism spectroscopy at
the Fe L edges with a picosecond laser-driven
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Time-resolved x-ray magnetic circular dichroism (XMCD) enables a unique spectroscopic view on complex spin and
charge dynamics in multi-elemental magnetic materials. So far, its application in the soft-x-ray range has been limited
to synchrotron-radiation sources and free-electron lasers. By combining a laser-driven plasma source with a mag-
netic thin-film polarizer, we generate up to 30% circular polarization in the soft-x-ray regime, enabling the first XMCD
spectroscopy at the Fe L edges in a laser laboratory, to our knowledge. Our approach can be readily adapted to other tran-
sition metal L and rare earth M absorption edges, and with a temporal resolution of < 10 ps, a wide range of ultrafast
magnetization studies can be realized.
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1. INTRODUCTION

X-ray magnetic circular dichroism (XMCD) [1–3] is an established
and powerful tool to probe magnetic properties in a variety of
material systems relevant to solid-state physics, chemistry, biology,
and material science [4]. It relies on the strong dichroic absorption
of circularly polarized light when tuned close to the vicinity of
spin-split core-to-valence-band transitions, spanning from the
extreme ultraviolet (XUV) up to the hard-x-ray regime. Especially
in the soft-x-ray range, the XMCD effect exhibits a large magnetic
contrast across the transition metal (TM) L2,3(2p→ 3d) and
rare earth (RE) M4,5(3d→ 4 f ) absorption edges [5]. In addi-
tion to its element and site specificity, soft-XMCD spectroscopy
allows to separate the orbital and spin contributions of the local
magnetic moments via so-called sum rules [6–8]. The absorption-
based XMCD contrast has enabled further experimental x-ray
techniques, e.g., magnetization-sensitive microscopy [9] and
holography [10].

Today, circularly polarized soft x-rays are readily available at
synchrotron-radiation facilities worldwide, providing full polari-
zation control, high photon flux, and wavelength tunability with
superb spectral resolution for tackling various experimental tasks.
For the ultrafast magnetism community, the availability of short-
pulse sources (femto- to few picosecond pulse duration) with
inherent circular polarization in the soft-x-ray range is, however,
rather limited to one laser-slicing source [11] and one free-electron
laser [12] (FEL), with upgrades of several soft-x-ray FEL beamlines

being planned or already under construction. Laser-driven higher-
harmonic generation (HHG) sources have gained popularity and
importance for time-resolved XMCD studies [13–15], generating
circular polarization by two-color driving fields [16,17] or phase
shifters [18,19]. However, due to the extremely low flux of these
sources [20] at photon energies corresponding to the TM L edges
and above, a true laboratory-based alternative for time-resolved
XMCD experiments in the soft-x-ray range is still lacking.

In this paper, we describe the first table-top XMCD experiment
across the Fe L edges around 700 eV with< 10 ps temporal reso-
lution, based on a laboratory source. Specifically, the broadband
(50–1500 eV) emission of a laser-driven plasma x-ray source (PXS)
is exploited [21]. For that, we create a sufficiently large net degree
of circular polarization of the—initially randomly polarized—soft
x-rays by dichroic absorption through a ferrimagnetic thin-film
polarizer [22,23] with intrinsic out-of-plane (OOP) magnetiza-
tion. The broadband characteristic of this approach enables the
measurement of XMCD spectra across the entire spin–orbit pair of
Fe L edges in a single acquisition with a signal-to-noise ratio (SNR)
comparable to typical bending-magnet beamlines at synchrotron-
radiation facilities. In addition, the short-pulse characteristics and
the possibility for extension to other photon energies, such as RE
M edges, render this approach a versatile alternative for static and
time-resolved XMCD experiments to study a large set of phenom-
ena in ultrafast magnetism, such as all-optical magnetic switching
(AOS) [24] or photo-induced phase transitions [25].
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Fig. 1. Schematic overview of the experimental setup. Short and intense laser pulses are focused onto a spinning tungsten cylinder, generating a plasma
that emits short, broadband soft-x-ray pulses (< 10 ps, 50–1500 eV); see inset. A slice of the spectrum is captured by a reflection zone plate and horizon-
tally focused, while vertically dispersed through a magnetic thin film polarizer and a subsequent sample, both under normal incidence, onto a CCD camera.
The orientation of the polarizer and its magnetization can be changed by a rotational stage, while the magnetization of the sample is altered by an external
electromagnet.

2. CONCEPT

The driver for the soft-x-ray source is an in-house-developed
double-stage thin-disk-amplified laser, producing pulses with
a duration of 1.8 ps full width at half maximum (FWHM) at a
wavelength of 1030 nm with a pulse energy of 180 mJ at 100 Hz
repetition rate [26]. 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 gener-
ated that emits the aforementioned broadband x-ray radiation into
the full solid angle [27]. We use a reflective zone plate (RZP) [28] as
the single optical element, designed to collect, disperse, and focus
the full spectrum across the Fe L3 and L2 edges from the point-
like laser-plasma source with a diameter of ≈ 40 µm FWHM
through the polarizer and subsequent sample as depicted in Fig. 1.
For the RZP’s design energy of E = 715 eV, a horizontal focus
of 200 µm and an energy resolution of 1E/E > 550 along the
vertical dimension are obtained at a photon flux of 107 ph/s/eV.
For photon energies off the design value, decreasing spatial and
spectral focusing results in the hourglass-like beam profile of
3.5 mm (horizontal)× 4 mm (vertical) of the soft x-rays at the
polarizer and sample position as shown in the right inset in Fig. 1.
Resonances of other elements can be readily accessed by additional
RZPs mounted on the same manipulator.

We describe the emission from the PXS in the basis of left (σ−)
and right (σ+) circularly polarized photons [29]. Due to the ther-
mal processes involved in the generation, the amounts of σ− and
σ+ polarized photons are equal [30]. This ratio is also maintained
after reflection off the RZP, which exhibits a negligible difference
(< 1%) in reflectivity for vertical and horizontal field components.
When transmitting the σ− and σ+ x-rays through a ferro- or
ferrimagnetic polarizer of thickness d p , they will exhibit different
transmissions T±(Mp , E )due to the XMCD effect:

T±p (Mp , E )= exp
[
−2kd p

(
β(E )±Mp1β(E )

)]
, (1)

where β(E ) and 1β(E ) are the photon-energy-dependent elec-
tronic and magnetic absorptive parts of the polarizer’s refractive
index, respectively, and Mp is the magnitude of the polarizer
magnetization, projected onto the wave vector of the x-rays with

magnitude k. Thus, the transmitted light becomes partially
circularly polarized as quantified by the polarization factor

P (Mp , E )=
T−(Mp , E )− T+(Mp , E )
T−(Mp , E )+ T+(Mp , E )

= tanh
[
2kd p Mp1βp(E )

]
, (2)

which is equivalent to the well-known XMCD asymmetry [2]. As
evident from Eq. (2), a net circular polarization is observable only
at photon energies, where1β(E ) 6= 0 and for a finite magnetiza-
tion Mp . While the magnitude of 1β(E ) is material specific, the
largest Mp =±1 is obtained for saturated ferro- and ferrimagnetic
films with OOP magnetization at normal incidence. The degree
of polarization can be enhanced by increasing the thickness of the
polarizer, but at the same time, the total transmission, c.f. Eq. (1),
will drop exponentially. To define an optimum between the degree
of polarization and the transmitted light intensity in dependence
on the material thickness, the figure of merit T P 2 [22] is applied.

We choose the ferrimagnetic Gd0.24Fe0.76 alloy for the polarizer
and sample, as it exhibits an OOP magnetization in remanence,
as verified by optical Kerr measurements. The thicknesses of
the polarizer and sample are d p = 100 nm and ds = 55 nm,
respectively, both being below the optimum of T P 2 at the Fe L3

absorption edge; see Supplement 1. Both films are seeded and
capped with 3 nm of Ta and grown onto a 50 nm thick SiN mem-
brane. Their clear aperture of 4 mm× 4 mm allows to transmit the
full vertically dispersed soft-x-ray spectrum across the Fe L3 and
L2 edges in a single shot. Rotating the polarizer by 180◦ normal
to the beam axis inverts its magnetization Mp with respect to the
beam propagation direction, allowing to easily invert the helicity
of the transmitted x-rays. The magnetization of the sample Ms can
be altered by an external magnetic field, and the transmission of
the polarizer and sample, dispersed along the vertical coordinate, is
captured with a subsequent CCD camera.

From the two transmissions T+tot(E )= Ttot(Mp ,+Ms , E ) and
T−tot(E )= Ttot(Mp ,−Ms , E ), of the initially randomly polarized
soft x-rays through the polarizer (fixed Mp ) and sample (two sam-
ple magnetization states ±Ms ), we derive (c.f. Supplement 1) the
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total asymmetry as

Atot(Mp , Ms , E )=
T−tot(E )− T+tot(E )
T−tot(E )+ T+tot(E )

(3)

= tanh
[
2kd p Mp1βp(E )

]
tanh [2kds Ms1βs (E )] (4)

∝
∼

P (Mp , E )Ms1βs (E ). (5)

In a first approximation, Atot scales linearly with the degree of
circular polarization P , induced by the ferrimagnetic polarizer and
sample magnetization component Ms parallel to the x-ray wave
vector.

3. RESULTS AND DISCUSSION

To confirm the existence and quantify the degree of circular polari-
zation of the PXS emission after passing through the ferrimagnetic
polarizer of fixed magnetization Mp , we probe the total, dispersed
transmission spectra T±tot behind the sample across the Fe L3 and L2

edges for the two saturation states Ms =±1 at external magnetic
fields of B =±100 mT. The average of both dichroic spectra is
plotted in Fig. 2 on a logarithmic scale. The two insets zoom in to
the two individual spectra T±tot at the L3 and L2 edges. They show a
significant difference in absorption between the two magnetic satu-
ration states of the sample—a clear indication of the XMCD effect
and hence of the circular polarization of the impinging x-rays. Both
spectra have been recorded within a total integration time of only
170 s each, thus less than 6 min total with an SNR > 200 across
the whole spectral range. Details on data acquisition and correction
procedures are presented in the Methods section of Supplement 1.

We quantify the degree of polarization P (Mp , E ) at the Fe L3

and L2 edges by fitting the experimental spectra with magnetic
scattering simulations [31,32]. They are based on the sample
and polarizer geometries, their experimentally determined β(E )
and 1β(E ) [33,34], as well as the individual magnetization
magnitudes Mp,s of the polarizer and sample, respectively. The
simulations have been first bench-marked by XMCD spectra
of the sample taken at a synchrotron-radiation beamline; see
Supplement 1 for more details. The best-fit result, taking the

Fig. 2. Average of the two total transmissions T−tot and T+tot, resembling
a typical x-ray-absorption spectrum (XAS). The two insets zoom into the
Fe L3 (left) and L2 (right) absorption edges and show the individual trans-
mitted intensities T−tot and T+tot for the two saturated magnetization states
of the sample. A significant XMCD contrast is visible. The solid lines
represent magnetic scattering simulations and the dots the experimental
data.

spectral resolution E/1E of the spectrometer into account, yields
a maximum degree of circular polarization of 30% at the Fe L3

edge and −7 % at the Fe L2 edge, with a magnetization of the
polarizer of only Mp = 0.48< 1. We attribute this reduction
to magnetically dead layers in the ferrimagnetic Gd24Fe76 film
and/or to magnetic domains having formed, while it was kept in
remanence without an external field after being initially saturated
once. Applying such an external magnetic field by an electro-
magnet would constantly saturate the polarizer magnetization at
Mp =±1, and even allow for fast polarization control.

Further analyzing the above data, we determine the total asym-
metry Atot, c.f. Eq. (3), and compare it to the simulations, as shown
in Fig. 3. The experimentally observed peak asymmetries at the
Fe L3 and L2 edges of about 4% and 1%, respectively, are in good
agreement with the theoretical predictions and constitute the first
laboratory-based XMCD spectroscopy in the soft-x-ray range.
The experimental asymmetries are, however, constricted by the
non-optimal degree of polarization of the soft x-rays as well as by
the limited spectral resolution of the setup. Without both of these
limitations, the scattering simulations predict even up to 4.5-times
larger total asymmetries of 17.5% and 2.5% at the Fe L3 and L2

edges, respectively, for the chosen geometries.
Interestingly, the total asymmetry Atot has the same sign at

both L edges, although 1β(L3) < 0 and 1β(L2) > 0. This is
best explained by reinspecting Eq. (4), in which the sign of1β(E )
determines both the helicity of the x-rays when passing the polar-
izer as well as the sign of the probed XMCD of the sample at a
given photon energy E . Due to the multiplication of both factors
in Eq. (4) the sign of the total asymmetry Atot is independent of
the sign of 1β. However, it is possible to change the sign of Atot

by changing only the sign of the polarization factor P (Mp , E )
at a given photon energy E . This is accomplished by inverting its
magnetization Mp , i.e., by rotating the polarizer by 180◦. The
resulting inverted asymmetry is also plotted in Fig. 3 and is nearly
perfectly symmetric to the initial curve.

Finally, to provide an application scenario for our technique,
we probe the dispersed, total transmission Ttot for a fixed polarizer
magnetization Mp , while scanning the sample magnetization via
the applied magnetic field from Ms =−1 to Ms =+1. By plotting
the peak intensity, integrated over a 4 eV bandwidth across each
absorption L edge, against the applied magnetic field, we obtain

Fig. 3. Total asymmetries A+tot = Atot(Mp =+1) and A−tot =

Atot(Mp =−1) behind the polarizer and sample, calculated from the
experimental dichroic spectra from Fig. 2 via Eq. (3). The solid lines
represent magnetic scattering simulations and the dots the experimental
data. The colors represent two different polarizer magnetization directions
±Mp .
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Fig. 4. Transmission Ttot(Ms ) behind the polarizer and sample at the
Fe L3 (left) and L2 (right) absorption edges, while scanning the sample’s
magnetization Ms in a hysteresis loop. The inner y axis corresponds to
the integrated total asymmetries across the absorption edges. The two
different colors correspond to the two scan directions of the hysteresis
loop, as indicated by the arrows; the solid lines represent magneto-optical
Kerr-effect (MOKE) measurements, scaled to the measurement data
(dots) as a guide to the eye.

the expected square-shaped magnetic hysteresis loops, as depicted
in Fig. 4. Magneto-optical Kerr effect (MOKE) measurements
from the same sample are overlaid as a guide to the eye. We find the
expected behavior of the hysteresis scans with a smaller amplitude
at the Fe L2 compared to the L3 edge, but with the same symmetry,
i.e., observation of positive asymmetry for positive field and vice
versa. The latter observation can again be explained by the different
signs of the polarization factor at both edges. Note that the integra-
tion time per data point in the hysteresis scans was reduced by an
order of magnitude to only 17 s, compared to the spectra shown in
Figs. 2 and 3, and that they are both obtained simultaneously.

The first realization of a picosecond, laser-driven XMCD spec-
trometer reaching the TM L edges is an important step towards
opening this powerful technique for a broader community. Next,
we want to discuss the applicability of our approach in terms of
available photon flux and SNR, as well as of spectral and tempo-
ral resolution, in particular for the field of ultrafast magnetism
research.

The SNR > 200 of the dichroic spectra across the Fe L3

and L2 edges was achieved within only a few minutes of total
integration time. This data quality is comparable to current
bending-magnet beamlines at synchrotron-radiation facilities,
c.f. Supplement 1, and is the result of the spectroscopic white-
light scheme and the possible self-normalization to non-resonant
regions, when evaluating these broadband spectra. It is hence
possible to acquire low-noise asymmetry spectra with partially cir-
cularly polarized soft x-rays, which can be fitted against magnetic
scattering simulations with very high sensitivity. These simula-
tions in combination with a calibrated polarizer even allow for
determining the absolute XMCD of the investigated sample.

Despite the remarkable SNR of the results presented, the setup
can be improved for XMCD spectroscopy in several aspects. As
already mentioned above, magnetic field control at the polarizer
would ensure its full performance and allow for fast polarization
switching. Even more important, we have identified intensity fluc-
tuations of the PXS as the main source of noise in the experiment,
since the detectable photon flux, even at the strongly absorbing
Fe L3 edge, is still well above the noise level of the CCD camera.
These fluctuations mainly originate from mechanical instabilities
of the target cylinder and can be tackled by improved suspension
and new target concepts, such as metallic tapes or wires, as well as
by applying additional normalization schemes, e.g., by a spectrally

resolved I0 monitor [19]. While reducing noise, it is also possible
to increase the signal, namely, the XMCD asymmetry, by increas-
ing the polarizer thickness d p and hence the degree of circular
polarization P . From our simulations, we predict an increase of
the maximum degree of circular polarization at the Fe L3 edge
for a 200 nm (400 nm) thick polarizer of 85% (99%) at a total
transmission of 1.0% (0.04%) for the current 50 nm sample, as
seen in the Polarizer Analysis section in Supplement 1. Although
the detectable photon flux is drastically reduced by one to two
orders of magnitude for such polarizer thicknesses, it will at the
same time allow for single photon counting schemes, using novel
area detector generations [35,36], for which the noise of the exper-
iment is finally approaching the shot noise limit. Moreover, the
100 Hz repetition rate of the experiment is currently determined
by the laser system, while the mechanical source and detection
would easily allow for repetition rates of> 1000 Hz. Hence, using
commercially available laser systems [37], increasing the available
photon flux by more than one order of magnitude is feasible.

While the available photon flux and SNR are certainly well
suited for static experiments, we want to consider the particular
value of an XMCD spectrometer with < 10 ps temporal reso-
lution in ultrafast magnetism research, as alternative sources are
rare. While many fundamental processes during laser-driven
spin dynamics occur on a sub-picosecond time scale [38–40],
many collective phenomena such as magnetic phase transitions
[25], spin precessions [41], and AOS [42,43] share intrinsic time
scales of a few pico- up to nanoseconds. For instance, the reali-
zation of magnetic switching exploiting few-picosecond laser or
current pump pulses [44–46] is of high technological relevance
for better CMOS integrability. To that end, our setup provides
a new laboratory-based tool to specifically follow the sub-lattice
magnetization of typical heterostructures and alloys, made of TM
and RE metals, during such picosecond magnetization switching
dynamics and can provide relevant insights into the underlying
mechanisms, which are otherwise hardly accessible, e.g., via optical
methods. As in such experiments the magnetic information is
usually determined by integrating the XMCD asymmetry over
the full magnetically sensitive absorption edges (e.g., Fe L3 and L2

edges), the moderate spectral resolution of E/1E ≈ 550 and the
photon-energy-dependent degree of circular polarization do not
hamper the application of our method. Extending our approach
to a broader class of materials, e.g., for oxides, must allow for varia-
tions of the dichroic absorption spectra in the soft-x-ray range, due
to changes of the coordination and valency of the relevant magnetic
ions compared to elemental metals. For solid-state samples, the
required spectral overlap of the dichroic absorption for the polar-
izer and sample can, however, always be fulfilled by using the same
material for both of them.

4. CONCLUSION

So far, all studies on magnetization dynamics in the lower picosec-
ond regime, exploiting the XMCD effect at photon energies
above the water window (> 500 eV), require the use of large-
scale facilities. As an alternative, we have realized the first XMCD
spectroscopy setup in the soft-x-ray regime at the Fe L edges at a
laser-driven source. Our concept can be readily extended to other
photon energies, namely, to the magnetically relevant TM L and
RE M edges from approx. 500–1500 eV. The high SNR of the
presented XMCD spectra in combination with the few-picosecond
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temporal resolution will enable the study of a wide range of mag-
netization dynamics relevant for, e.g., AOS or magneto-structural
phase transitions. The high flexibility in the sample environ-
ment, the short iteration cycles, e.g., for sample customization,
and the high availability of a laboratory-based ultrafast XMCD
setup will allow for detailed and systematic studies of time- and
element-resolved spin dynamics.
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