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Abstract: The potential of the two-color mode implemented at the FERMI free-electron laser
(FEL) source for pumping and probing selectively different atomic species has been demonstrated
by time-resolved scattering experiments with permalloy (FeNi alloy) and NiFe,O; samples.
We monitored the ultra-fast demagnetization of Ni induced by the pump FEL pulse, by tuning
the linearly-polarized FEL probe pulse to the Ni-3p resonance and measuring the scattered intensity
in the transverse magneto-optical Kerr effect geometry. The measurements were performed by
varying the intensity of the FEL pump pulse, tuning its wavelength to and off of the Fe-3p resonance,
and by spanning the FEL probe pulse delays across the 300-900 fs range. The obtained results have
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evidenced that for the case of NiFe,Oy, there is a sensible difference in the magnetic response at the
Ni site when the pump pulse causes electronic excitations at the Fe site.

Keywords: free electron laser; two-color source; ultra-fast dynamics

1. Introduction

The most common approach to ultra-fast demagnetization relies on optical-laser based
time-resolved magneto-optical Kerr effect (MOKE) studies [1,2]. Modern pulsed X-ray sources, notably
free-electron lasers (FEL) and high-harmonic generation sources, have introduced the use of X-rays
as a complement to optical lasers. The most common set-up makes use of an optical laser as the
pump and of an X-ray beam as the probe, providing element selectivity by fine-tuning the X-ray
wavelength to a core resonance [3-6]. We developed a new scheme where, in a given multi-element
magnetic sample, we pump one selected element and probe another element, also selectively, using
two FEL pulses of different wavelengths [7]. The interest of this kind of experiment resides in the
possibility of associating the pump energy with a specific electronic excitation of one component
of a complex system. The combination of an element selective excitation with an element selective
probe offers new paths for unraveling the fundamental mechanisms that drive magnetization loss
by separately addressing the weight of possible contributions in this complex problem. Important
classes of magnetic materials, in this respect, are ferrites [8,9] and transition metal (TM) rare-earth
(RE) compounds [10-13]. Beyond their applicative interest, the (O-mediated) TM-TM coupling in
magnetic oxides and the (5d-mediated) 3d-4f coupling in TM-RE compounds make these materials
ideal candidates for resonant-pump resonant-probe magnetization dynamics studies. The highly
localized 3d and 4f orbitals and the mediated coupling make it plausible that associating the pump
energy with a specific electronic excitation can influence the magnetization dynamics profoundly,
compared to using a non-resonant pump.

2. Materials and Methods

2.1. Source Design

The conceptual and experimental development of two-color schemes prompted major research
efforts at all FEL facilities worldwide [14-18], with the ambition of optimizing wavelength and timing
control. In general, two-color sources are constrained by limited wavelength tunability. Recently, a new
configuration of the FERMI FEL-1 seeded source [19] was implemented that delivers two time-delayed
FEL pulses with different wavelengths, each independently tunable over a broad spectral range.
The principle of the two-color double-resonant source was set out in reference [7]. Here we summarize
its most relevant features.

The twin-seed layout starts from a common ~780 nm laser source that produces two ultraviolet
(UV) pulses along two distinct optical paths. One comprises a third-harmonic generator and a
delay-line for adjusting the delay At between the two pulses. The other features an optical parametric
amplifier (OPA) for adjusting the pulse wavelength over the 230-260 nm range. The former, which
has a fixed 261.5 nm wavelength and a FWHM pulse duration tg..q of ~120 fs, serves as a UV seed for
producing the Ni-3p resonant FEL pulse. The latter, with fs.q ~150 fs, is used for seeding the Fe-3p
resonant FEL emission by setting its wavelength to 255 nm. The two UV seeds are recombined and kept
along the same optical path by using a feed-back system based on multiple motorized piezoelectric
tip-tilt devices.

Figure 1 sketches the principle of the two-color resonant FEL mode used in our experiment.
The two UV laser seeds are aligned with the electron beam trajectory within the FEL modulator
section, where they interact with the electron bunch, stretched in time to ~1 ps length. The wavelength
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separation between the two seeds is smaller than the bandwidth accepted by the modulator (~3%), but
larger than that accepted by the radiator (~0.7%). The FERMI FEL-1 radiator section is composed of
six undulator modules. For most of the measurements, five modules (Rad_2 in Figure 1a) are tuned to
the 11th harmonic of the 255 nm seed laser, generating a FEL pump pulse at 23.2 nm (53.5 eV), i.e,,
at the Fe-3p resonance (Figure 1a). By controlling the seed laser intensity via cross-polarizers, the
energy per FEL pulse spans the 0 to 10 yJ range, corresponding to a pump fluence (F) of 0-40 m]-cm 2
at the sample position. Off-resonance pumping (Figure 1b) is obtained by tuning Rad_2 to the
10th harmonic, corresponding to 25.5 nm (48.6 eV). The remaining radiator module (Rad_1) is tuned
to the 14th harmonic of the 261.5 nm seed pulse, resulting in a FEL emission at 18.6 nm (67 eV, Ni-3p
resonance), with a maximum energy of ~0.8 uJ per pulse. We also tested a different source scheme
with inverted pump and probe wavelengths and an equal distribution of the radiator modules on
the Rad_1 and Rad_2 sub-sections (Figure 1c). The delay At between the two UV seeds, measured
by a cross-correlator, can be adjusted over the 300-900 fs range with negligible (<5 fs) jitter [20,21].
The upper limit is imposed by the electron bunch length of ~1 ps. Cross-talk and instabilities are
observed in the double FEL emission below 300 fs separation, hampering the collection of reliable data
at shorter delays. The duration tggy, of each FEL pulse can be conservatively estimated from tyeeq by
the scaling law tpgp = teeeq X h™93, h being the radiator harmonic. Therefore the FEL pulses in our
experiment are expected to have a 50 to 70 fs duration, for an overall time resolution better than 100 fs.
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Figure 1. Twin-seed split-radiator source scheme. (a) Ni-3p resonant probe, Fe-3p resonant pump.
The two UV seed pulses, controlled in intensity and separated by a well-defined time delay At, interact
with the electron bunch within the modulator (Mod) section. After going through the dispersive section
(DS), the electron excitation induced by the probe seed pulse (Ageeq 1 = 261.5 nm) is amplified by the
first of the six radiator modules (Rad_1) tuned to harmonic 14 (h_14), generating 18.6 nm free-electron
laser (FEL) radiation (67 eV, Ni-3p resonance). This excitation is not amplified by the five other radiator
modules (Rad_2). Conversely, the UV pump seed (Ageeq 2 = 255 nm) induces an excitation of the
electron bunch that is amplified by tuning Rad_2 to the 11th harmonic, generating a 23.2 nm FEL
pulse (53.5 eV, Fe-3p resonance), but this excitation is not amplified by Rad_1. The source delivers two
FEL pulses tuned in energy to the Fe-3p and Ni-3p resonances, with controlled intensities and time
separation; (b) Ni-3p resonant probe, non-resonant pump. The same seeding scheme as in (a) applies,
but the Rad_2 radiator sub-section is tuned to h_10 of the 255 nm pump seed, generating 25.5 nm FEL
radiation, whose photon energy is insufficient to photo-excite the core electrons of either Fe or Ni;
(c) Fe-3p resonant probe, Ni-3p resonant pump. The wavelengths of the two UV seeds are inverted
(Aseed_1 = 255 N, Ageeq 2 = 261.5 nm) and the radiator is split in two sub-sections of three modules
each. Rad_1 provides the 23.3 nm FEL probe pulse tuned to the Fe-3p resonance, while Rad_2 generates
the Ni-3p resonant 18.6 nm pump pulse.
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2.2. Experimental Details

The measurements were performed at the DiProl beamline [22,23] of the FERMI FEL source,
using the IRMA (Instrument pour la Réfléctivité MAgnétique) scattering chamber [24]. Figure 2 shows
a sketch of the experimental set-up and of the data collection method. After aligning the sample
using the two-axis goniometer, the pump-probe results were monitored using a charge-coupled device
(CCD) detector. The grating-like structure of the samples separated the pump and probe contributions
spatially, allowing us to discriminate the diffracted intensities at the two wavelengths. The diffraction
peaks corresponding to the pump and probe FEL wavelengths were collected simultaneously on
the CCD. Blanking out one of the FEL beams allowed us to check for cross-talking between them.
We confirmed its absence for delays exceeding 300 fs, while interference between the two sources was
observed at shorter delays. In order to maximize the magnetic signal, we worked in transverse-MOKE
geometry [25,26], setting the incidence angle to 46.5°, i.e., close to the Brewster angle. We used linear
vertical polarization of the FEL pulses, taking advantage of the Apple-II undulators in the FERMI
radiator [27].
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Figure 2. Schematics of the scattering measurement setup. The grating samples are mounted
in a reflectometer featuring a vertical scattering plane. A magnetic field (up to 1.5 kOe pulsed,
500 Oe permanent) can be applied normal to the scattering plane and parallel to the sample
surface by a horseshoe electromagnet. The FEL pulses with linear vertical polarization impinge
on the sample grating at 46.5° and are diffracted at different angles according to their wavelengths.
Diffracted intensities from the pump and probe FEL pulses are collected simultaneously by using a
two-dimensional charge-coupled device detector.

We measured two samples. The first is a 20 nm permalloy (Py) film, deposited on a 605 nm period
Si grating and protected by a 3 nm Al capping layer (Figure 3a, FEL data). Its magnetic properties were
characterized by MOKE using an optical laser (Figure 3b). The second is a 12.5 nm thick Ni-ferrite
(NiFe,Oy) layer grown epitaxially on MgAl,O4(001) [28]. A 100 x 400 um? area of the layer was ruled
by focused ion beam (FIB) etching into a set of ~350 nm wide stripes with a ~600 nm period (Figure 3c).
Magnetization curves showed a coercive field of ~500 Oe with >80% remanence (Figure 3d, FEL data).
It is worth stressing that the fraction of pump energy absorbed in the Ni-ferrite sample is the same
(~78% for the 12.5 nm thick film at 46.5° incidence) for both resonant (22.3 nm) and non-resonant
(25.5 nm) pump wavelengths.

The Ni magnetic signal at different pump-probe delays was measured as a function of the
pump fluence F, for both Fe-3p resonant and non-resonant pump wavelengths, using the acquisition
procedure sketched in Figure 4.

A reliable analysis of the demagnetization in a pump-probe experiment requires the sample to be
homogeneously pumped over the probed area. From the images in Figures 4 and 5, it is apparent that
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this is not the case if one integrates the scattered probe signal over the entire diffraction spot, since
both the pump and the probe have an inhomogeneous spatial distribution of the intensity. In order to
avoid averaging the probe signal over areas that are pumped differently, the magnetic signal reported
in the following corresponds to the probe intensity scattered within a detector portion of 7 x 7 pixels
(Figure 5) that measures the homogeneously pumped area.
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Figure 3. Permalloy and Ni-ferrite samples. (a) Rocking scan of the Py grating sample, showing the
Bragg peaks corresponding to the Fe-3p resonant pump and to the Ni-3p resonant probe FEL beams;
(b) Hysteresis loop of the Py magnetization measured by magneto-optical Kerr effect (MOKE), with
the magnetic field applied parallel to the grating lines; (c) Scanning electron microscopy image of the
Ni-ferrite sample. An area of 100 x 400 pm? is patterned into a ~600 nm period grating by focused ion
beam etching; (d) Field dependence of the FEL radiation intensity diffracted at the Fe-3p resonance,
measuring the magnetic response over the ruled area of the Ni-ferrite.
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Figure 4. Data acquisition sequence. Sketch of the acquisition sequence used for determining the
magnetic signal. (a) After a +800 Oe pulse of ~10 ms duration, data are collected in a +200 Oe applied
field; (b) Same as (a), for negative field values. The magnetic signal is defined as the difference divided
by the sum of the signals measured for opposite magnetization directions. Top panels: CCD images of
the pump (left spot) and probe (right spot) scattered intensities.
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Figure 5. Measurement area selection. Fe-3p resonant pump (a) and Ni-3p resonant probe (b) diffracted
intensity from the Ni-ferrite sample. The two images are shown on different color scales. The gray
square represents the 7 x 7 pixels area used for Ni-magnetization analysis, where the pump fluence is

assumed to be homogeneous.

3. Results

Figure 6 shows the dependence of the Ni magnetic signal on the pump fluence at a probe delay
of 420 fs in Py. The pump fluence at the sample (F, top scale in Figure 6, in mJ-cm~2) is obtained by
correcting the pump energy measured at the exit of the FEL source (bottom scale in Figure 6, in pJ) for
the transport line transmission (a factor of 0.4, accounting for six reflections and a 200 nm Al filter),
for the focal spot size (~80 um), and for the angle of incidence (46.5°). The Ni magnetic signal is the
asymmetry ratio in the Bragg peak intensity, i.e., the difference between the scattered intensities for
opposite signs of the saturation magnetization direction, divided by their sum (see Figure 4). Figure 6
shows the loss in Ni magnetic signal with respect to the static value measured without the pump.
The red and blue dots refer to the Fe-3p resonant (23.2 nm) and non-resonant (25.5 nm) pumping,
respectively. The results do not evidence any clear dependence on the pump wavelength; both curves
show the same trend of the Ni demagnetization with F, attaining a ~50% reduction at 10 mJ-cm 2.
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Figure 6. Ni magnetic response in permalloy. F dependence of the Ni magnetization loss in Py, 420 fs
after the pump pulse. The red circles and blue squares refer to 53.5 eV Fe-3p resonant and to 48.6 eV
non-resonant pump pulses, respectively. The pump fluence at the sample (top scale) is estimated
from the pump intensity measured at the exit of the source (bottom scale). The Ni magnetization loss
represents the decrease in the asymmetry ratio signal at the Bragg peak with respect to the non-pumped
condition (black triangles). The black vertical bar corresponds to one standard deviation in the value of
the measured magnetic signal.
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The same experiment was performed with the NiFe,O4 sample. First, we verified that the epitaxial
oxide layer on a low thermal conductivity insulating substrate could stand our pump-probe conditions.
Then we checked that the chosen 12.5 nm thickness, ensuring homogeneous absorption of the pump
energy, provided a convenient magnetic signal in the diffracted intensity. We found that inverting the
saturation magnetization direction provides an excellent 80% asymmetry ratio at Ni-3p resonance.

Figure 7a shows the Ni magnetization loss after 400 fs as a function of F. There is a clear difference
between the data obtained using a non-resonant (blue dots) and an Fe-3p resonant (red dots) pump
pulse, showing the influence of the pump wavelength on the Ni demagnetization. This sensitivity of
the Ni-ferrite sample to the Fe-3p resonant and off-resonant pumping is also confirmed by the results
obtained as a function of the pump-probe delay reported in Figure 7b,c. Dependence on the pump
wavelength is observed already at the lower fluence F = 4 mJ-cm 2 (Figure 7b), and it becomes much
more evident and well beyond experimental uncertainty at F = 10 mJ-cm ™2 (Figure 7c). Figure 7b,c
shows that for both F values, the quenching of the Ni magnetization is initially rather slow and reaches
a maximum after ~500 fs.
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Figure 7. Ni magnetic response in Ni-ferrite. (a) Relative Ni magnetization loss as a function of
F for Fe-3p resonant and non-resonant pumping, at a fixed delay of 400 fs; (b,c) Normalized Ni
magnetization as a function of delay At for resonant and non-resonant pumping at F = 4 mJ-cm ™2 (b)
and F = 10 mJ-cm 2 (c). Error bars on At (45 fs) are smaller than the symbol size.

4. Conclusions and Outlook

The observed different demagnetization behavior of the two Fe-Ni compounds under
investigation can be qualitatively ascribed to the fundamental differences in their electronic structures.
Permalloy is a ferromagnetic metallic alloy where Fe-3d and Ni-3d electrons, which determine the
magnetic properties, pertain to strongly hybridized and delocalized orbitals featuring direct exchange.
In the ferrimagnetic oxide NiFe,Oy, the 3d electrons are much more localized onto the respective
atomic sites and the exchange is mainly mediated by oxygen. Releasing the pump energy to the
ensemble of the 3d electrons (off-resonant pumping) or more selectively to the Fe site via 3p-3d
core excitations (Fe-3p resonant pumping) is likely to make a difference in the Ni magnetic response
when the 3d electrons are localized and interact via an indirect exchange, as it is the case for the
Ni-ferrite. Our results show that the resonant/non-resonant character of the pump affects the degree
of magnetization loss but not its delay dependence. Since no experimental or theoretical studies have
addressed this kind of problem yet, we are not in a condition of interpreting this result at a more
fundamental level.

The two-color mode developed at FERMI provides a versatile source of FEL twin-pulses with
controlled wavelength tunability and time separation. The use of two optical laser seeds allows
for the fast and independent control of the intensity and time separation of the two FEL pulses.
Additionally, the inversion of the pump and probe wavelengths can be performed in a reasonable
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time lapse: the reconfiguration of the radiator modules for probing the Fe magnetic signal while
pumping the Ni resonantly (Figure 8) took less than one hour. The red circles in Figure 8 represent the
Fe demagnetization in the Ni-ferrite as a function of the Ni-3p resonant pump fluence. The blue circles
represent the Fe-3p resonant probe fluence, showing that it is not affected by varying the Ni-resonant
pump intensity over the same F range.
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Figure 8. Ni-3p pump/Fe-3p probe resonant magnetic scattering in NiFe,O4. The Fe magnetic signal
is measured 530 fs after the pump pulse as a function of the pump fluence (red circles, left axis).
The Fe-resonant probe fluence (blue squares, right axis) is unaffected over the spanned range of
pump fluence.

Our first results with two magnetic compounds containing Fe and Ni illustrate the potential of the
on/off resonance FEL pump-probe experiments. In its present version, the twin-seeded two-color FEL
source at FERMI can cover the 3p resonances of Mn, Fe, Co, and Ni, making a wide class of important
magnetic materials accessible for time resolved experiments. We stress that this kind of source can
find original applications well beyond ultrafast demagnetization studies, in many other fields of
condensed matter and of atomic and molecular physics. In general, it enables the excitation of a
core resonance on a specific atomic site in a complex system with pulses of selected wavelength,
intensity, and polarization, and makes it possible to probe the dynamic response at another atomic site
with a second FEL pulse. Such multi-colour time-resolved experiments open unique opportunities
for exploring complex relaxation processes, such as sequential multiple ionizations, multi-electron
cascades, and charge transfer dynamics.
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