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X-ray magnetic circular dichroism spectroscopy using an X-ray free electron laser is demonstrated
with spectra over the Fe Lj;,-edges. The high brightness of the X-ray free electron laser com-
bined with high accuracy detection of incident and transmitted X-rays enables ultrafast X-ray
magnetic circular dichroism studies of unprecedented sensitivity. This new capability is applied
to a study of all-optical magnetic switching dynamics of Fe and Gd magnetic sublattices in
a GdFeCo thin film above its magnetization compensation temperature. © 2016 AIP Publishing

LLC. [http://dx.doi.org/10.1063/1.4944410]

. INTRODUCTION

X-ray Absorption Spectroscopy (XAS) is one of the most
commonly practiced techniques at synchrotron light sources.
Its ability to probe local electronic structure with elemental
specificity makes XAS indispensable in diverse fields such as
chemistry, materials science, and magnetism.l‘3 The soft X-
ray range is of great importance for many studies due to the
accessibility of the K-edges of O, N, and C, as well as the 3d
transition metal L-edges and rare earth M-edges.

Polarization resolution is critical in many XAS studies.
Examples include determination of the orientation of mole-
cules on surfaces' and the detailed orbital and spin structures
of strongly correlated materials.* In addition, X-Ray Magnetic
Circular Dichroism (XMCD) spectroscopy has proven to be of
tremendous value in studying magnetism down to the nano-
meter length-scale.’

Extension of soft X-ray XAS to the femtosecond time-
scale offers the potential to follow and ultimately disentangle
chemical and materials processes on their natural timescales.>*
“Femtoslicing” synchrotron beamlines, which are capable
of delivering ~100 fs X-ray pulses, albeit at low intensity,
have begun the realization of this potential with many impor-
tant results.””'” However, the long data acquisition times at
femtoslicing sources mean systematic studies, as well as
those requiring very high accuracy are prohibitively time
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consuming. X-ray Free Electron Lasers (XFELs)'""'? provide
femtosecond X-ray pulses with peak brightness many orders of
magnitude higher than other sources and offer the potential to
solve this problem. These characteristic XFEL properties have
already been put to use in scattering studies with femtosecond
scale temporal resolution,'? as well as in studies requiring the
recording of images or diffraction data in single shots.!*!3
Femtosecond XAS in the soft X-ray range, however, has been
more challenging. High pulse energies, strong pulse-to-pulse
fluctuations, ' and low repetition rates at XFELs hinder imple-
menting spectroscopy in the same ways as have been perfected
at synchrotron light sources over decades. Nonetheless, several
important studies demonstrated the potential of XAS in the soft
X-ray range at XFELs,'” especially using partial fluorescence
yield detection.>!® The direct and quantitative method of
detection of incident and transmitted monochromatic X-rays,
however, remained difficult.

Il. EXPERIMENTAL SETUP

We overcome the challenges of soft X-ray absorption
spectroscopy at XFELs using a new measurement setup with
robust, high precision detection of incident and transmitted X-
rays. The reliable detection of transmitted X-rays had been
particularly difficult in the past and was overcome by using
a high linearity CCD with a flexible X-ray attenuation sys-
tem. Together with the newly installed variable polarization
“Delta” undulator,'? this setup enabled time-resolved XMCD

©2016 AIP Publishing LLC
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FIG. 1. Experimental setup. The Delta undulator produced circularly polarized X-rays which are then monochromatized. The total energy of these X-rays is
detected with the fluorescence-based Iy detector before they are transmitted through the sample and detected with a system of attenuating filters and the fCCD.

studies of unprecedented accuracy. The transmission of mono-
chromatic X-rays was measured to an accuracy of 1% of the
transmission within 1 s of measurement, and better accuracy
is obtainable through averaging further. This new capability is
demonstrated with comparison of static XMCD spectra over
the Fe L-edges of a GdFeCo thin film recorded at the XFEL
and that recorded at a synchrotron light source. We then apply
this technique to a study of the Gd and Fe magnetic sublattice
dynamics in GdFeCo above its magnetization compensation
temperature during all-optical switching.

The experimental setup (Fig. 1) was implemented at
the soft X-ray materials science instrument?>?! of the Linac
Coherent Light Source'?> (LCLS) XFEL. The Delta undula-
tor was operated in the diverted beam scheme, where un-
dulators upstream of the Delta undulator are pointed at a
slightly different angle than the Delta undulator. The un-
dulators upstream of the Delta undulator microbunched the
electron bunches and produced linearly polarized X-rays.
The Delta undulator then used the strongly microbunched
electron bunches to produce circularly polarized X-rays. The
linearly polarized X-rays produced in the undulators before
the Delta undulator propagate in a slightly different direction
than the circularly polarized X-rays and are easily blocked
with a beam stop while passing the circularly polarized X-rays.
This scheme produced circularly polarized X-ray pulses of
~200 pJ pulse energy and 25 fs FWHM duration.'® A grating
monochromator with 100 lines/mm then filtered these X-rays
to a bandwidth of about 200 meV.?! Following the mono-
chromator, a novel incident X-ray flux (Iy) detector, described
below, measured the incoming X-ray pulse energy. The X-
ray beam then traversed a pair of Kirkpatrick-Baez mirrors,
giving a 50 yum FWHM diameter X-ray spot of ~200 nJ at
the sample. The X-ray probe and an optical pump laser were
normally incident on the sample with a variable time delay
between them. The pump laser had a wavelength of 800 nm,
a size of 450 yum FWHM by 700 um FWHM at the sample, a
duration of 60 fs FWHM, and linear polarization. The sample
was magnetized using an electromagnet with an applied field
of +200 mT. The X-rays transmitted through the sample
propagated through a 200 nm aluminum film to separate them
from the optical pump laser beam. Finally, these X-rays were
attenuated and then detected with a CCD, as described further
below.

A key enabler for these experiments was the develop-
ment of new detectors for incident and transmitted X-rays.
The I detector enabled detection of incident X-rays with a
higher sensitivity than previously possible,?? allowing high
precision experiments with the lower photon throughput of
the Delta undulator (~200 uJ pulses, in contrast to ~1 mJ

pulses in standard operation). The detector consists of a Micro-
Channel Plate (MCP) assembly of two MCPs and a single
metal anode (Hamamatsu F2223-21SH). A 4.0 mm diameter
hole in the center of the assembly let the X-ray beam pass
through to a 300 nm thick Siz;N4 membrane window placed
2.5 cm downstream of the MCP. On passing through the SizNy
membrane, fluorescent X-rays were emitted, some of which
were incident on the 5.7 cm? active area of the MCP. The MCP
was biased at about —1400 V and the signal was sent through
a low noise preamplifier and low-pass filter (SR570) before
being digitized. The signal from each pulse for this detector
was taken as the integral over the narrow temporal window of
the electronic trace due to the X-ray pulse.

To measure the transmitted X-rays, we used the cooled,
in-vacuum fast CCD (fCCD)?? and attenuating filters (Al and
Mg filters of Fig. 1). The signal-to-noise ratio of this detector is
ultimately limited by the number of X-ray photons which can
be detected without reaching pixel saturation. To maximize
this number, the fCCD was placed as far downstream from the
sample as was practical. This allowed the beam to spread out
to 1 mm FWHM diameter at the fCCD. In addition, the filter
system was designed to give fine steps of attenuation over a
large range: steps of factors of three to over 103 near the Fe
L; (707 eV) and Gd M5 (1190 eV) edges. This allowed near
optimal attenuation for any experimental situation.

The performance of this experimental setup is character-
ized in Fig. 2. The origin of large fluctuations in pulse energy
is illustrated in Fig. 2(a) (where the pulse energy we refer
to is the summed energy of all photons in the pulse, not the
central photon energy). The self-amplified spontaneous emis-
sion process'® gives a “spiky” spectrum (light blue), which,
when filtered with a narrow bandwidth monochromator for
spectroscopy (red), results in large fluctuations of the pulse
energy. The distribution in pulse energies, as measured by
the fCCD after the monochromator, is shown by the wide
distribution of the red histogram in Fig. 2(b), with a standard
deviation of 45% of the mean. When normalized by the pulse
energy measured by the Iy detector, this standard deviation is
reduced to 6.6% of the mean, as shown by the narrow green
histogram in Fig. 2(b). Furthermore, the standard deviation
of the normalized transmitted X-ray pulse energies was found
to decrease inversely proportionally to the square root of the
number of X-ray pulses averaged, down to a standard deviation
of at most 0.1% of the mean. For optimum linearity and signal-
to-noise ratio of the measurement system, it is critical to tune
the attenuation in front of the fCCD as well as the MCP bias.
For this, correlation graphs such as those shown in Figs. 2(c)
and 2(d) were optimized in real time during the experiments.
Even with optimization, some fraction of the pulses with the
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FIG. 2. Performance of X-ray absorption measurement system. (a) Calcu-
lated energy spectral density of an XFEL pulse due to the self-amplified spon-
taneous emission process (light blue).'® The intensity transmitted through a
150 meV monochromator is shown in red. (b) Histograms of the pulse energy
after the monochromator as measured by the fCCD (red) and by the fCCD
normalized by the Iy detector (green). (c) Pulse energy of monochromatic
XFEL pulses detected at the fCCD vs Iy detector. Pulses of low or very
high energy are not used in data analysis. (d) Average f{CCD measured pulse
energy versus Ip pulse energy bin.

highest or lowest pulse energies were typically discarded due
to being outside the optimal pulse energy range (in this case,
those below the 20th percentile or above the 95th percentile of
pulse energy).

lll. RESULTS

With this new measurement setup, we recorded XMCD
spectra over the Fe L ,-edges and compared the results to
those recorded on the same sample at a synchrotron light
source, beamline 4.0.2 of the Advanced Light Source (ALS)
(Fig. 3). During measurement, the photon energy produced by
the XFEL and the photon energy transmitted by the monochro-
mator were synchronously scanned over a range of ~30 eV.
It took ~1 min to complete each scan over the ~30 eV range.
The sample measured was an amorphous, out-of-plane magne-
tized, 40 nm thick GdysFegq 5Cog 5 thin film characterized
elsewhere.'® It was prepared via magnetron sputtering on a
100 nm Si3N4 membrane with a 5 nm Si3Ny buffer layer and
10 nm capping layer. The XAS and XMCD spectra were
obtained from measurements with opposite magnetizations at
LCLS while opposite X-ray helicities were used at ALS. For
amorphous samples such as here, these measurements should
give identical results.”* A linear background fitted to the pre-
edge was subtracted from each XAS spectrum which were then
normalized to have equal L intensity, and the XMCD spectra
were scaled by the same factor. The XMCD spectra collected

Rev. Sci. Instrum. 87, 033110 (2016)

at ALS were also divided by the source polarization of 90%.%°
The XAS in (a) agrees with an RMS deviation of 1.1% of the
peak magnitude, while the XMCD in (b) has an RMS deviation
of 3.1% of the peak magnitude.

From these data, we also determined the degree of cir-
cular polarization provided by the Delta undulator at LCLS.
To do so, we compared the integral over the Fe L; XMCD
signal (704-711 eV) at LCLS and ALS. Then, accounting
for the known 90% degree of polarization provided by the
ALS, the LCLS degree of circular polarization was found to
be 98+2/-4% using three spectra like the one shown in Fig. 3.

With the improved sensitivity of our measurement setup
and circular polarization capability, it is now possible to
use the superior flux of XFELs to systematically investigate
ultrafast element-specific magnetization dynamics. A prime
example is all-optical switching, where the sole action of
a femtosecond laser pulse triggers, in certain materials, a
deterministic reversal of the magnetization.®!322% A seminal
result obtained at a soft X-ray femtoslicing beamline revealed
that in the most studied of these materials, GdFeCo alloys,
this occurs through a highly non-equilibrium transient ferro-
magnetic alignment of the otherwise antiferromagnetically
coupled Fe and Gd sub-lattice magnetizations.® However, the
long data acquisition times at femtoslicing sources have so
far prevented more thorough studies with varying sample and
excitation parameters. In a step towards remedying this, we
study all-optical switching of GdFeCo above its magnetization
compensation temperature, in contrast to previous studies.® We
note that many equilibrium and non-equilibrium properties
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FIG. 3. Comparison of static Fe L-Edge spectra recorded on a 40 nm
GdFeCo sample at LCLS and beamline 4.0.2 of the ALS synchrotron light
source. (a) XAS as would be measured with linear polarization, found by
taking the average of XAS with parallel and anti-parallel alignments of
X-ray helicity and sample magnetization. (b) XMCD, found by taking the
difference of XAS with parallel and anti-parallel alignments of X-ray helicity
and sample magnetization and dividing by the degree of polarization of
the source. The LCLS degree of circular polarization was 100% within the
accuracy of its measurement, so the XMCD measured by LCLS is not divided
by a factor to account for an imperfect source polarization.
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FIG. 4. Ultrafast switching dynamics of the Fe and Gd sublattice magnetizations after optical excitation of a 20 nm GdFeCo sample above its magnetization
compensation temperature. The data are fitted by a function with two exponentials (solid lines). The inset zooms in on the dynamics in the first few ps.

have different behaviors above and below the magnetization
compensation tempcrature.27’30‘32

The sample was a 20 nm thick Gd,4Fegs 5C09 5 thin film.
Measurements were performed at 300 K, which is above the
sample’s magnetization compensation temperature of 227 K.
The XMCD signal was recorded at fixed photon energy and X-
ray polarization while the sample magnetization was switched
every 30 s during data acquisition. The temporal evolution of
the Fe 3d and Gd 4f magnetizations as probed by XMCD at
the Fe L3 and Gd M5 edges is shown in Fig. 4. The difference
in errorbar size for different points is mostly due to different
durations of recording. The incident excitation fluence was
8 mJ/cm?. The temporal resolution was determined by the X-
ray arrival time jitter of about 100 fs. Following Radu et al.,}
we fitted the femtosecond demagnetization and picosecond
switching behavior to a function with two exponentials. The
Fe magnetization dynamics had time constants of 280 fs and
4.1 ps, whereas those of Gd were 410 fs and 6.5 ps.

In these above compensation temperature measurements,
we observe a behavior qualitatively the same as that previously
reported below the magnetization compensation temperature.’
Initially, the Fe and Gd magnetizations decay with typical
demagnetization timescales.?* Fe demagnetizes faster than Gd
and reverses magnetization at 870 fs. This leads to a transient
ferromagnetic-like state that exists until 3.7 ps, when the Gd
magnetization also reverses. We note that these timescales
for individual sublattice magnetization reversal are similar to
the low fluence case of what has been reported below the
magnetization compensation temperature.’

IV. CONCLUSIONS

To summarize, XFEL and beamline instrumentation
developments at LCLS have enabled robust ultrafast,
polarization-resolved X-ray absorption spectroscopy in the
soft X-ray range. Using this capability, we observed all-optical

switching with ultrafast XMCD at an XFEL for the first
time. In the future, the unique ability to take high resolution
polarization-resolved XAS with ultrafast time resolution over
entire edges will be invaluable in a number of fields. For
example, in ultrafast magnetism studies, XMCD and XAS
spectra are both expected to have significant, but as yet
unobserved, photon energy-dependent changes on sub-ps
timescales with high fluence excitation.**
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