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Abstract: Ultrashort optical pulses can trigger a variety of non-equilibrium processes in magnetic
thin films affecting electrons and spins on femtosecond timescales. In order to probe the charge and
magnetic degrees of freedom simultaneously, we developed an X-ray streaking technique that has
the advantage of providing a jitter-free picture of absorption cross-section changes. In this paper,
we present an experiment based on this approach, which we performed using five photon probing
energies at the Ni Mj3-edges. This allowed us to retrieve the absorption and magnetic circular
dichroism time traces, yielding detailed information on transient modifications of electron and spin
populations close to the Fermi level. Our findings suggest that the observed absorption and magnetic
circular dichroism dynamics both depend on the extreme ultraviolet (XUV) probing wavelength,
and can be described, at least qualitatively, by assuming ultrafast energy shifts of the electronic and
magnetic elemental absorption resonances, as reported in recent work. However, our analysis also
hints at more complex changes, highlighting the need for further experimental and theoretical studies
in order to gain a thorough understanding of the interplay of electronic and spin degrees of freedom
in optically excited magnetic thin films.

Keywords: ultrafast spectroscopy; femtomagnetism; XUV-FEL; magnetic circular dichroism

1. Introduction

Since its discovery by Beaurepaire and coworkers in 1996 [1], the phenomenon of
laser-induced ultrafast demagnetization has attracted worldwide attention and initiated
an entirely new research field [2]. However, despite more than 20 years of ongoing experi-
mental and theoretical work, the mechanisms underlying the femtosecond magnetization
dynamics in ferromagnetic films following ultrafast optical excitation remain intensively
debated [3-7]. The problem is interesting from a fundamental perspective—to date, it is
not clear how angular momentum is transferred between the spin and electron systems
and the crystalline lattice on sub-picosecond time scales—but it is also technologically
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relevant, as using light to steer magnetization on sub-ps timescales might pave the way for
ultrafast all-optical spintronics and data storage [8-10]. Recent developments illustrating
the application potential of ultrafast optical excitations include, for example, the creation
of artificial neural networks [11], or the demonstration that focusing grating couplers can
be used for photonic—electronic integration with magnetoresistive random access memory
technology [12].

X-ray experiments are an ideal tool to study the dynamics of the spin, electron,
and phonon sub-systems, since they combine high spatial resolution and element selectivity.
In general, time-resolved scattering and absorption experiments mainly focus on spin and
lattice dynamics, yielding information about superdiffusive spin currents [13-16], the role
of spin-orbit coupling [17], the interaction of different magnetic sublattices [18], and the link
between lattice and spin dynamics [19-21]. So far, only few studies have simultaneously
looked at electron and spin dynamics [17,22-24]. Indeed, performing pure absorption
measurements at X-ray free electron lasers (FELs) has been challenging, due to intrinsic
fluctuations of the photon parameters and the lack of a reliable and linear incident intensity
monitor [25]. However, motivated by time-resolved absorption experiments performed at
femtoslicing facilities [17,22], as well as time- and spin-resolved photoelectron spectroscopy
at high harmonic generation (HHG) sources [26,27], new technical advances were recently
made to probe X-ray absorption dynamics using FEL [25,28-31] and HHG [32,33], thereby
laying the ground for a systematic analysis of charge and spin dynamics [30,34].

Within this context, the investigation of the impact of the probing energy on the
measured absorption and magnetic circular dichroism (MCD) dynamics has attracted
increasing interest [35-37]. In a recent study, Yao et al. [34] provided experimental and
theoretical evidence for an electronic and magnetic elemental absorption resonance redshift
on ultrafast timescales. Unfortunately, the use of an HHG setup in this study [34] results in
photon energies separated by approximately 3 eV, which impedes a detailed investigation
of the absorption edge itself. To circumvent this shortcoming, we employed X-ray streaking
at the extreme ultraviolet (XUV)-FEL at FERMI in Italy, to probe five energies at the Ni
M 3-edges (spanning from 64 to 68 eV). Our results confirm that absorption and MCD
spectra are shifting but also hint at a more complicated scenario involving changes in
spectra shapes after optical excitation. This calls for additional systematic experimental
studies and in-depth theoretical calculations.

2. Experiment

The sample used in our experiment is a Ni(20 nm) /FesoNiso(10 nm)/Ni(20 nm) trilayer
deposited via magnetron sputtering on top of Ta(3 nm)-covered SizN4(30 nm) membranes.
A final Pt(3nm) capping was used to prevent oxidation (Figure 1). The magnetic layers
are polycrystalline and exhibit an in-plane anisotropy with a square magnetic hysteresis
loop and a coercive field of 8 mT. Note that the presence of the Fe5yNisg layer was required
for a different femtomagnetism study but is not relevant for the outcome of the present
work. Indeed, we would like to emphasize that Ni atoms in the alloy layer make up a total
equivalent thickness of only 5 nm, to be compared with 40 nm of pure Ni. Alloyed Ni thus
only contributes ~10% to the total absorption signal. For comparison, we used NiFe layers
with equal thickness placed at different depths (e.g., Ni(10 nm)/NiFe(10 nm)/Ni(30 nm)).
Measurements on these samples yielded the same absorption time traces.

The experiments, based on our recently developed X-ray streaking technique [29],
were performed at the DiProl end-station [38] of the seeded XUV-FEL at FERMI in Elettra,
Trieste [39]. The setup employed in our study is shown in Figure 1. As described in detail
previously [29], our approach is based on the use of a nearly collimated XUV beam with
circular polarization, which illuminates an off-axis zone-plate. The converging first order
emanating from the zone-plate passes through the sample and its intensity distribution is
collected by a charge-coupled device (CCD) camera (sample camera). As shown in Figure 1,
the photons detected at the bottom of this camera (yellow line) have traveled a longer path
than the ones arriving at the top (green line). This results in a 2.6 ps time difference at
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the zone plate focus, which becomes spatially encoded in the sample camera. Note that
optical geometry-induced contributions to the temporal resolution are as low as 2.5 fs and
can be neglected here. To measure the shot-to-shot variations of the incident X-ray pulses,
a second CCD detector (reference camera) is used to record the diverging first negative order.
By dividing the sample camera with the reference camera picture, we obtain a measure for
the transmission of the sample T = I/ I;,, where I is the photon intensity after, and I;, the
one before the sample. Angular integration of the intensity ratio pictures [29] eventually
yields the transmission time traces shown in Figure 2a.

Reference 3 nm Pt
camera

10 nm
NiFe

3nm Ta
SiN (30
nm)

Sample

H=+20mT Sample
camera

Figure 1. Experimental setup and sample composition. A circularly polarized extreme ultraviolet
(XUV) beam is diffracted using a zone plate. The positive, first diffraction order is focused on an
in-plane magnetized sample, which is pumped using linear infrared pulses. The sample camera
records the intensity transmitted through the sample I, resulting in a spatial encoding of the time
traces. The reference camera records the incident intensity ;.

In order to be sensitive to the in-plane magnetization of the Ni layer, the sample was
tilted by 18° with respect to the incident beam. To ensure saturation of the magnetization
for each pump-probe measurement, an in-plane magnetic field of £20 mT was applied by
using an electromagnet. The sample was excited by an 800 nm infrared (IR) laser delivering
60 fs pulses using an incident fluence of 5 mJ/cm?, and probed by circularly polarized 70 fs
XUV pulses, with an intensity at the sample plane well below the excitation regime [40].
In the sample plane, the size of the IR spot was ~ 250 x 165 pum? (FWHM), significantly
larger than the XUV spot size ~ 130 x 70 um? (FWHM). The experiment was performed
at 50 Hz. To probe the absorption and MCD around the Ni M 3 resonances, we used five
probing XUV wavelengths with energies of 64.6, 65.7, 66.3, 66.7 and 68 eV. For each energy,
we recorded CCD images by accumulation of 150 to 250 shots with and without an IR pump
for both applied magnetic field directions and both XUV helicities. Note that the CCDs
employed in our study cannot be read out at 50 Hz, and that we use the same number of
accumulated shots on the reference and the sample camera to perform the normalization.
For symmetry reasons, reversing the XUV probe beam helicity is equivalent to a reversal
of the applied magnetic field direction. This allows us to average the measured curves,
resulting in two transmitted intensities T+ = % We grouped the data such as to obtain a
data point every 30 fs, and the error bars presented in all our figures reflect this grouping
and averaging procedure.

Typical transmitted intensity time traces are plotted in Figure 2a for an XUV energy
of 66.7 eV and both external field directions H (dark green) and H~ (light green). As ex-
pected, the thin film is excited on sub-ps timescales; the difference between T and T~
is quickly decreasing after t = 0, which reflects the strong transient modifications of the
magnetic properties of the system.
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Figure 2. Characteristic pump-induced changes of T* and T~ on fs timescales and static energy-
dependent transmission and magnetic circular dichroism (MCD). (a) Transmitted intensity time traces
measured for both applied field directions obtained for E = 66.7 eV. (b) Calculated transmission
(black) and MCD (green) compared with experimental static MCD (colored dots).

To quantify these changes, T+ data can be used to calculate the absorption u and
the MCD, which are related to the electronic occupation and to the spin state of our

magnetic layer, respectively. We therefore use y* o« —In T+, y = £ +;” — ln(T;Ti) and
MCD =yt —u~ «In % [41]. Quantities extracted from pumped data will be denoted
T*(t), w*(t), u(t) and MCD(t), while static data will be labeled Ty, u3, o and MCDj.
In order to compare data measured using different XUV energies, we need to look at the

+
relative changes Ap i(t) , Ap(t) and A%gg(t) . Here, the prefix A is used as a short notation
Mo Ho 0

for a subtraction of the static signal, e.g., Au(t) = u(t) — uo.

Due to different IR filters used in front of the cameras, experimental transmission
data are only known up to a prefactor. This can be seen in Figure 2a, where the trans-
mission is superior to 1, which is of course at odds with the fact that the beam intensity
is weakened via absorption. To correct this artifact, we use the calculated transmission
Tt shown in Figure 2b (dark curve) to rescale our data and obtain the proper relative
absorption. The calculated transmission and MCD curves presented in Figure 2b have
been obtained using tabulated values (CXRO website [42]) for Si3Ny, Ta, and Pt, which
were combined with literature data for Ni and Fe [43]. Comparison of the calculated MCD
signal (green curve in Figure 2b) with our static experimental MCDy (colored dots) yields
good agreement for each energy scrutinized in the present study (Figure 2b) (note that the
experimental MCD spectrum does not need to be rescaled since the constant pre-factors
cancel out as shown in Equation (1)). The following equations summarize our approach,
and all data presented in the remainder of this work are based on these calculations:

In Ty
s C\TO
po  In(a-Ty)

In (20T
Ap(y _ \TWOT@) 2T
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3. Results
+
Figure 3 shows the relative absorption for both field directions, AP;T(” obtained using
0

5 different XUV wavelengths. For all these probing energies, we observe an increase of
the relative absorption for majority electrons (H", dark green), while the relative minority
electron absorption (H ™, light green) increases for 64.6, 65.7 and 66.3 eV and decreases for
66.7 and 68 eV. Thus, the evolution of the minority electron (H™, light green) absorption
with time (and, to a lesser extent, the majority electron adsorption) depends on the probing
energy. Note that these changes result from a modification of available states before and
after optical excitation. For probing energies below the Fermi level (66.2 eV for Ni [44])
the absorption increase corresponds for example to a depletion of electrons (i.e., more free
states available), similarly, for probing energies above the Fermi level (namely 66.7 eV and
68 eV), a decrease of absorption indicates that the initial free states are now occupied by
excited electrons. In addition, Figure 3 shows that transient absorption changes for different
applied fields do not systematically start at t = 0: the same dynamics are observed for both
field directions during the first tens of fs after optical excitation for E = 64.6, 65.7, and 66.3 eV
(highlighted grey regions). At first glance, this is in line with the recent observation of a
delay between ultrafast electronic and magnetic dynamics [30,34]. For E = 65.7 €V, a closer
look at the first 100 fs reveals a crossing between H™ and H ™~ curves. As we will explain in
the discussion section, we believe that this is the signature of a MCD spectrum shift.
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Figure 3. Relative absorption time traces for both field directions: H* shown in dark green and H™
shown in light green using XUV probing energies equal to (a) 68 eV (b) 66.7 eV (c) 66.3 eV (d) 65.7 eV

and (e) 64.6 eV.
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In order to compare the results obtained for different probing energies and to further
quantify the electronic and magnetic dynamics, we have plotted the relative absorption
and the relative MCD in Figure 4a,b, respectively. Figure 4a shows Aﬁ—(()t) (vertical axis)
as a function of the delay (left axis) and probing energies (right axis). As a reminder, the
static absorption curve is shown in the background (dotted black line) with the correspond-
ing probing energies (dotted colored line). Figure 4b shows %g(()t) which is directly
proportional to the relative magnetization changes as a function of the time delay for all

XUV energies.
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Figure 4. Time- and energy-dependent absorption and MCD data: (a) Relative absorption time traces
as a function of probing photon energies and time delay. (b) Relative MCD time traces for the five
probing energies. (c) Calculated absorption, as a function of energy, resulting from a shift of the
absorption spectra to lower energies (dark and grey lines). The experimental symbols extracted
from (a) for different delays are compatible with a maximum shift of —0.15 eV. (d) Calculated
magnetization, as a function of energy, considering a similar rigid MCD spectrum red shift (dark and
grey lines). The experimental data, plotted for three different delays, are only in agreement with the
prediction resulting from a MCD spectrum shift on very short time scales (<80 fs).

Several conclusions can be drawn from these graphs: (i) The relative absorption
dynamics depend strongly on the probing energy. In fact, the maximum of the relative
transient absorption change observed at 65.7 eV is one order of magnitude stronger than
for all other energies scrutinized in this experiment. (ii) The relative magnetization curves
display more subtle differences. The characteristic demagnetization times and rates show a
weak dependence on the probing energy. As already highlighted, we see that for 66.3 and
64.6 eV, the onset of the demagnetization process is delayed with respect to t = 0. For a
probing energy of 65.7 eV, we see a surprising increase and subsequent decrease of the
magnetization in less than 100 fs. Note that this behavior is seen independently of the
helicity of the incoming XUV pulses and has been observed in other Ni samples probed
during the same experiment (data not shown).
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4. Discussion

When a metallic thin film is excited by an ultrashort optical pulse, the electronic
population close to the Fermi level is modified, causing a change in the X-ray absorption
spectra on femtosecond timescales. This was first measured at the Ni L3-edge by Stamm
et al. [22], who suggested that optical pumping of the sample can induce a redshift of the
absorption edge during the first hundreds of femtoseconds. The effect was theoretically
underpinned by Carva et al. [24], who explained the observed phenomenon as resulting
from an optical excitation-induced electron depletion close to the Fermi energy. Further-
more, their calculations suggested that, in addition to the pure absorption spectra, the
MCD should also be affected on sub-picosecond timescales. While subsequent experiments
remained limited to the L-edges of transition metals [17], very recent work by Yao et al. [34]
and Rosner et al. [30] unveiled that similar effects can also be observed at the M-edges of
Fe, Co, and Ni. Furthermore, both studies demonstrated that, depending on the probing
energy, a delay between the magnetic and pure charge dynamics (up to 100 fs) can exist. As
detailed in Yao's study [34], this might hint at a pump-induced redshift of the MCD spectra.

To test this hypothesis, we calculated the % and AMCD(AE) (using the static data
shown in Figure 2b), for different redshift values AE ranging from 0.05 eV up to 0.2 eV (see
lines in Figure 4c,d). On top of these computed curves (black to gray lines), we have plotted
our experimental data using color symbols for different time delays. When considering
absorption changes as a function of energy, our experimental results are in reasonable
agreement with the redshift predictions (Figure 4c). The maximum change in absorption is
obtained using E = 65.7 eV after 200 fs and corresponds to AEmax = —0.15 eV with respect
to the static spectrum. Note that this is in good agreement with the aforementioned
L3-edge measurements of Stamm et al., who reported an XAS shift of —0.13eV after
200fs [22], as well as with the calculation presented in the Yao et al. study [34]. All other
probed energies give rise to less dramatic changes, in qualitative agreement with our
calculations. However, from a quantitative perspective, the observed magnitudes of %
show slight deviations from the simple rigid edge shift, which hints at more subtle transient
modifications of the absorption spectrum [34].

A comparison of the calculated AMCD(AE) with our experimental data, Figure 4d,
also provides support for a shift of the MCD. Note that since the MCD is inferior to 0,
a negative value of AMCD(AE) corresponds to an increase in magnetization. Therefore,
we can interpret the observed increase in the magnetization shortly after t = 0 (E = 65.7 eV,
magenta data in panel (b)), as well as the small delays between t = 0 and the onset
of the demagnetization process (E = 64.6eV and, to a lesser extent, E = 66.3eV) as
resulting from a redshift of the MCD. This increase in the magnetization competes with
the usual ultrafast demagnetization, and is visible only briefly after t = 0. Note that this
explanation could provide additional insight into a recent study where an increase of the Ni
magnetization on early timescales, in an FeNi alloy, has been attributed to optically induced
spin transfer effects [44]. Furthermore, it is in agreement with the theoretical calculation
of Carva et al. [24]. For t > 100fs the magnetization quenching dominates, irrespective
of the energy. For probing energies where the aforementioned electronic redistribution
and ultrafast demagnetization channels do not compete (66.7 end 68 eV), we do not find
any lag between the onset of the electronic and magnetic dynamics (Figure 3a,b). The
increase and delay in the magnetic response briefly after t = 0 thus unravel a subtle
interplay between electronic and spin dynamics. Indeed, this highlights that the electronic
population dynamics are spin-dependent and that ultrafast demagnetization is intimately
linked to the change in density of states close to the Fermi level as previously observed in
photoelectron experiments [26,36].

The redshift of the MCD should also be explicitly observed when plotting the MCD
as a function of the photon energy for different delays. Even though we were not able
to measure the full spectra, but only five energies, as shown in Figure 5, we indeed find
evidence for a slight shift of the static MCD spectrum (black curve) towards smaller energies
for t = 80 fs (green stars). On longer timescales, however, the MCD magnitude decreases
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and we observe a distortion of the spectra, especially for higher energies. We emphasize
that these results are not at odds with data presented recently by Stamm et al. [31]. In fact,
their measurements on Ni are performed 0.7 ps after the excitation, which is well beyond
the typical time where MCD energy shifts can be observed, as shown in the present study.
However, this recent work of Stamm et al. [31] demonstrates that it is now possible to
measure full MCD spectra for different delays.

0.1 A e Maaias ; .
0.0 N —
-0.14
o
=
-0.24 E
Static
- %- 80fs
-0.34 @ 200 fs]
A 290 fs
- ¥ 380fs
-0.4 - ! s ' T
63 64 65 66 67 68 69 70

Energy (eV)

Figure 5. Calculated static MCD spectra (black line) and measured MCD spectra for different time
delays (colored symbols).

On longer timescales, as already mentioned, clear differences between the different
demagnetization curves become apparent (Figure 4b). Despite the large experimental errors
(linked to the use of different CCDs for the measurement of the incoming XUV intensity),
which impede a thorough quantitative analysis, it is obvious that the demagnetization
observed for E = 64.6 eV is significantly slower than for all other probing energies. This is
in agreement with work of Gort et al. [36], who conclude that the characteristic demagneti-
zation times depend on the binding energy of the probed electrons with respect to the Fermi
level. As already suggested by Carva [24], “correctly” probing the magnetization might
thus require an integration over the entire MCD spectrum (as intrinsically performed using
broadband sources), and must be critically discussed in femtomagnetism experiments,
where single, well-defined probing wavelengths are used. This could explain why several
studies, despite using comparable experimental conditions, reported rather different char-
acteristic demagnetization times [45-47] and significant differences concerning the onset of
demagnetization in material systems composed of multiple elements [48-50].

5. Conclusions

Using a recently developed X-ray streaking technique [29,30], we have probed the
photo-absorption cross-section of a Ni thin film at the Ni M 3-edges using circularly
polarized XUV pulses for five probing energies, and both helicities and directions of
the applied magnetic field. This allowed us to measure the time-dependent absorption
and magnetic circular dichroism (MCD) time traces, and to retrieve information about
transient changes occurring in the electronic and spin sub-systems close to the Fermi level.
Our results show that the absorption and MCD dynamics both depend on the probing
XUV wavelength. While providing a detailed microscopic model that can account for
our observations is well beyond the scope of the present paper, we see that, to a first
approximation, a redshift of the absorption and MCD spectra on very short timescales
(<100-200fs) can rationalize our data, which is in agreement with recent findings [34].
However, our analysis also hints at more complex modifications of those spectra, and
we hope that our experimental findings will stimulate further work in order to obtain a
truly quantitative picture of femtosecond charge and spin dynamics in magnetic thin films
excited by ultrashort laser pulses.
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