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Optical-domain transient grating (TG) spectroscopy is the ideal tool to investigate transport
phenomena in gases, liquids and solids, but it is limited to typically micron-size grating periods.
Extreme-Ultraviolet TG has represented a major leap forward to access the mesoscopic scales. Hard
X-ray TGs open access in principle to the nanoscale. Hard X-ray TGs were recently generated using
the Talbot effect and probed by optical pulses, but these hinder exploiting the advantages of the
nanoscale gratings. Here, we present an all-X-ray TG study, in which few-femtosecond hard X-ray
pulses are used both for excitation and probing. Our experiment was performed on an amorphous film
of an FeGd alloy and on a thin silicon single crystal. The results show a manifestation of the TG induced
by the X-ray pump and probe pulses in the form of Talbot carpets, as well as temporal evolution of the
grating in crystalline silicon showing coherent optical phonons. Ultrafast all-X-ray TG spectroscopy
has the potential to study fundamental excitations with femtosecond time resolution and nanometer

spatial sensitivity.

A microscopic understanding of matter requires the study of excitations
across a broad range in space, time, and frequency. The length-scale of tens
of nanometers is particularly important for transport phenomena in con-
densed matter, as it represents the transition between diffusive and ballistic
regimes. On the nanometer scale, order/disorder and static/dynamic tran-
sitions occur in charge/spin/orbital and lattice degrees-of-freedom, and
relevant physical phenomena require quantum descriptions. Optical-
domain four-wave mixing methods, and in particular transient grating (TG)
spectroscopy, have been extensively employed for studying dynamical and
transport phenomena in various materials'. Optical TG spectroscopies
demonstrated access to all the above degrees of freedom, but are limited to
typically micron-size grating periods. With the advent of Free-Electron
Lasers (FEL) delivering ultrashort pulses of extreme ultraviolet (EUV) to
hard X-ray photons, novel perspectives are emerging for the development of
short-wavelength non-linear optics and spectroscopies’. In standard TG
spectroscopy, two identical incident beams are crossed at the sample. An
excitation grating is generated, and the evolution is monitored by a third,
time-delayed probe pulse. The Leone group recently reported on near-

infrared induced TGs probed by EUV pulses at a temporal resolution of
attoseconds to few-fs using a HHG source’”. The implementation of TG
spectroscopy at FELs was first demonstrated in the EUV range® ", then in
the hard X-ray regime'"'*. These experiments used an optical pulse to probe
the evolution of the TG generated by EUV or hard X-ray pulses. In this case,
meso- to nanometer scale grating cannot be used and the advantages are
lost. One needs instead to probe the TG with a third EUV or hard X-ray
pulse. This requires three beams, with possible control of the time delay
between the first two (pump) beams and the third (probe) beam. This was
achieved in the EUV at the FERMI FEL, using a split and delay geometry
allowing to generate three beams, with the third having a delay tuneable with
respect to the first two'""*. For the soft X-ray range, an elegant scheme was
recently introduced by Morillo-Candas et al. using a focused soft X-ray
beam going through a spatial mask consisting of holes, such that three
beams emerge, with two crossing at the sample and forming a TG, and the
third probing it'. These developments offer new opportunities to probe
dynamics but have limitations in spatial resolution, especially to probe
transport phenomena when the mean free path of the excited carriers in
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solid materials or reactants in chemical systems is shorter than the excitation
grating period.

In order to generate TGs with hard X-ray beams, the so-called Talbot
effect was used'” avoiding complex optical schemes'. A single beam passes
through a phase mask grating, leading to several diffracted beams that cross
and interfere at characteristic, so-called Talbot distances. An interference
pattern is then formed that is termed “Talbot carpet”. The “carpet period” is
determined by the wavelength of the incident radiation, the pitch of the
maskand the convergence/divergence of the beam'"'*. Here we demonstrate
all hard X-ray TG spectroscopy on a test sample consisting of a film of FeGd
and on the main sample, consisting of a thin silicon single crystal. Both are
prototypical samples for all-optical switching devices and semiconductor
technology.

Results and discussion

An all hard X-ray TG experiment requires two pulses with controllable
photon energy, intensity, and relative time delay. Here, we take advantage of
the versatility of the SACLA XFEL source (Hyogo, Japan)'®, which delivers
two collinear ultrashort hard X-ray pulses (~7 fs temporal width each), at
photon energies of 5 keV and 7.24 keV and variable time delays between 2
and 300 fs. The probe beam was tuned to the Gd L; edge to maximize the
response from the FeGd film. Adjusting the delay between the accelerator-
generated X-ray pump and probe beams necessitates precise and sophisti-
cated control of the electron beam dynamics'’. Furthermore, both pulses can
each create a Talbot carpet after going through the phase mask, though with
different Talbot distances. Aluminum and vanadium solid-state filters were
employed to regulate and fine-tune the relative intensities of the two pulses
at the sample.
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Phase mask

Pump Talbot carpet
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Fig. 1 | Experimental geometry of the All X-ray Transient Grating experiment.
Perspective scheme of the experimental setup: both collinear pump (pink) and probe
(blue) X-ray beams pass through the phase mask. The sample is placed in the Fresnel
zone (several Talbot distances of the pump), thus generating therein an excitation

X-ray probe

Diffraction peaks
and d-XTG signal

The experimental layout is shown in Fig. 1. The slightly convergent
5keV pump pulses pass through the gold phase mask. The latter has a
grating pitch of 200 nm, and is placed at a distance to the sample that can be
scanned between 3.5 and 8 mm (see “Methods”). In this geometry, the TG
pitch at the sample is slightly reduced with respect to the mask’s pitch and is
estimated to ~194 nm. Two detectors are used to monitor the signal: (1) an
X-ray MultiPort Charge-Coupled Device (MPCCD) camera® positioned in
transmission for the signal diffracted by the transient grating (thereafter
called transmission detection); (2) a MPCCD detector positioned at the
Si(222) Bragg angle in the horizontal plane, to study the TG response on the
Bragg diffraction peak (thereafter called diffraction detection). Silicon
crystallizes in a diamond structure, characterized by two interpenetrating
face-centered-cubic (fcc) sub-lattices displaced by a quarter of the distance
along the cube diagonal. Each unit cell contains two atomic positions, with
the atoms having a tetrahedral site symmetry, and being related by inversion
symmetry. When the two atoms are perfectly identical, the (222) reflection is
forbidden. However, the distribution of scattering matter in diamond-like
crystal structure may not be centrosymmetric, as any perturbation of the
atoms reflecting their tetrahedral site symmetry will contribute a non-
centrosymmetric component to the distribution of scattering matter, and
thus yield a non-zero (222) reflection. Examples of such perturbations are
the tetrahedral orientation of the covalent bonds in these crystals, and the
anharmonicity of the interatomic potential’'. This makes the detection of
the Si(222) reflection exciting due to its inherent electronic character and its
ability to reveal lattice anharmonicities. In the present study of crystalline
silicon, we employed various filter settings to generate three regimes of the
incoming beam intensities that correspond to different ratios (R = Lump/
Lrobe) Of the pump and probe intensities. For the amorphous FeGd sample,

Transmission detector

Probe diffraction orders
and t-XTG signal

2660mm

interference pattern, while the probe beam is detected in transmission (right
detector) and diffraction (left detector) geometry. Several diffracted beams emerge
from the mask and undergo diffraction onto the lattice and the TG. Inset: sketch of
the experimental set-up (top-view) with relevant distances and angles.
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Fig. 2 | Comparison between experimental data
and simulations of the Talbot carpet from FeGd.
a Simulated Talbot carpet matching the experi-
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the X-ray probe beam was detected in transmission through the sam-
ple only.

To find clear signatures of TG signals, the phase-mask—sample dis-
tance is varied for both samples: in this way, the Talbot carpets move
through the sample with consequent modulation of the excitation which, in
turn, critically affects the nonlinear TG signal whose intensity will resemble
the excitation pattern. This is shown in Fig. 2, where the evolution of the

transmission signal as a function of mask-sample distance is displayed for a
thin FeGd film (1.7 pm thick), at a fixed pump-probe time delay of 200 fs. A
marked modulation (~20%, well above the noise level) of the transmitted
beam intensity is observed. To determine the origin of the modulation, we
present a simulated sample irradiance that accounts for the effects of both
pump and probe intensities on the sample illumination. This illumination
can be represented as a Talbot carpet, formed by both pump and
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Fig. 3 | Comparison between experimental data and simulations of the Talbot
carpet from Silicon at different pump/probe intensity ratios. d—f All hard X-ray
transient grating signal of crystalline silicon as a function of the distance between the
phase mask and the sample using 25 um steps over a 500 pm scan range and related
FT (g-i). Both the diffraction (red) and transmission (blue) signals are detected for:
aweak pump pulse (2.5 x 10™* J) at 2 fs time delay, intense probe pulse; b pump and
probe pulses of comparable intensities (0.4 pJ) at 2 fs time delay; ¢ intense pump

pulse (1.9 pJ) and weak probe pulse at 10 fs time delay. The red/blue shaded areas in
(d-f) represent the signal, including the standard deviation. The (a—c) panels are the
real space representation of the Talbot carpets (in arb. u.) as a function of the distance
(Az) between the phase mask and the sample. The theoretical traces (black) repro-
duce the spatial modulation generated by the pump- and probe-induced Talbot
carpets with periods of 175 pm and 255 um, respectively. The traces have been
normalized to 1.

probe intensities, including their ratio (Fig. 2a; see “Methods” for details).
Figure 2b compares the normalized experimental and simulated traces
obtained from the simulated far-field one-dimensional patterns by inte-
grating across the lateral size Ax, considering only diffraction orders from
—1to +1. There is a direct correspondence of the structures in the measured
signal (blue) and the complex simulated pattern (black). The Fourier
Transform (FT) of both experimental and simulated traces are shown in
Fig. 2c: the far-field TG signal exhibits the expected modulation generated
by the pump beam at 5 keV with a periodicity of 175 pm. This confirms that
the X-ray probe beam indeed detects the X-ray pump-induced TG. A suf-
ficiently intense beam can also generate a TG from which it can diffract in
what is called self-diffraction’. In case the second pulse (the probe) has
enough intensity, it will self-diffract and its signal will appear showing the
characteristic period given by its photon energy. The FT in Fig. 2c exhibits a
second, dominant periodicity appearing at a distance of 255 um, which
corresponds to the distance of the Talbot planes for the probe beam at
7.24keV, identified as the self-diffraction. We also identify the presence of
pump- and probe-induced TG harmonics at Talbot distances of 350 pm and
510 um, respectively, though at the sampling limit.

In non-collinear geometries, the TG signal is background-free””. The
collinear geometry used in the present work generates multiple signal
beams, which do not allow for a background-free detection. Nevertheless, it
offers at the same time detection of higher diffraction orders that provide
additional insights into the dynamical properties of the sample™. While in
the present experiment, we were constrained to the collinear geometry, our
results point to a clear path for future developments, and the use of dedicated
split-and-delay lines" will allow for more complex geometries.

We now turn to the results on the silicon sample (10 um-thick,
orientation <100>). Figure 3 shows the simulated sample irradiance (a—c)
and the corresponding sample scans (d-f) and FT's (g-i) detected both in
transmission (blue) and diffraction (red) geometries for different intensity
ratios R of the pump and probe pulses: (a) R=0.06, i.e., the probe self-
diffraction is dominant and the pump is very weak (2.5x107*pJ); (b)
R=09, ie., the pump and probe have comparable intensities (pump
intensity = 0.4 pJ), and; (c) R = 6, the high-intensity pump and low-intensity
probe (pump intensity is 1.9 yJ).

The data shows a good correspondence between the diffraction and
transmission signal detection channels for all three cases. Here again, the
observed structures in the signal are complex, but clearly above the noise
level, and they compare well to the simulated traces (black). Already a visual
inspection reveals the main features, similar to the case of FeGd: (i) with a
weak pump beam (Fig. 3a, d, g), an oscillation period around 255 um reflects
the self-diffraction of the probe beam; (ii) with comparable pump and probe
intensities (Fig. 3b, e, h) an additional oscillation emerges at ~175 um period
generated by the pump pulse; (iii) the latter is the remaining periodicity
when the probe beam is attenuated (Fig. 3¢, {, i).

The attenuated probe beam condition is then used to perform a pump-
probe time delay scan by tuning the accelerator (see Fig. 4). As a check of
systematic but undesired signal contributions, a scan is performed without
the sample, and shown in Fig. 4a. A peak appears at early times, around
15-20 fs, followed by a subsequent rise of the signal beyond 50 fs. This is
interpreted as a response of the diffraction efficiency of the gold phase mask
to the pulse sequence. Prior to discussing this effect in more detail, we
introduce Fig. 4b, which shows the diffraction (red) and transmission (blue)
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Fig. 4 | Comparison between time scans without and with silicon sample. a Time-
scan of the pump-probe delay without sample. The trace shows non-monotonic
dynamics at early times attributed to the ultrafast response of the phase mask
irradiated by the pump beam before diffracting the probe beam. At longer time
delays the probe intensity increases, and no oscillation is detected. b Time-scan
comparison of the diffraction (red) and transmission (blue) signals of crystalline
silicon, showing a coherent oscillation of 16 + 0.7 THz matching the Si optical
phonon with frequency around 15.5 THz. The red/blue shaded area represents the
signal including the standard deviation. The fits (lines) of the experimental traces are
a guide to the eye and were performed using the TG equation and a linear term to
follow the rise of the probe intensity (see text). The procedure and analysis used to
extract the data points is described in the “Methods” Section.

signal traces of the silicon sample. Both independent detection modalities
show a correspondence, characterized by a very fast (<10 fs) rise, reaching a
maximum at ~15-20fs delay, and additional maxima appear around
75-80 fs and 130-140fs. A rising background shows up beyond ~150 fs.
Unfortunately, a quantitative comparison between the scan with and
without a sample is difficult, since different experimental conditions had to
be used. Nevertheless, similarities between the two scans are limited to the
peak at earliest times. Since the data shown in Fig. 3 has been obtained at
fixed pump-probe delay at such early times, by scanning the sample posi-
tion, this peak must also contain a significant sample response. We also note
that the increase in background with delay seems to occur at later times
when the sample is present. Larger time delays were not possible with the
actual accelerator set-up. Most important, the scan with the sample (Fig. 4b)
exhibits modulations, absent without sample, whose period aligns with the
frequency of the single triply-degenerate optical phonon mode at the zone
center of silicon (~65 fs or ~15.5 THz) as reported in frequency-domain
Raman spectroscopy”* and time-domain experiments*>*°. This points to the
generation of coherent optical phonons in our experiment, which we discuss
below. Therefore, although we can at this stage not subtract the scan without
the sample from the scan with the sample, characteristic features appear
which pertain to the physics of the sample. Below, we also argue why the
initial peak, which appears in both scans, may indeed be present with and
without a sample.

A model represented by the typical TG equation plus a linear term that
takes into account the rise at longer time delays (as detected in the trace

without sample) was used to generate the continuous trace in Fig. 4b, to
reproduce the diffracted and transmitted signal traces™:
2
1 At _a _a
o {5 + erf <?>} X {cze I 4 c; cos (2mvAL + ¢)e = + (mAt + q)}

Ipg =

The error function is used to model the sharp rise often fixed by the
time resolution. The exponential decay term, usually used to model the
thermal decay of the TG signal, is used here to reflect a fast electronic decay
and is followed by a damped oscillatory term representing the Si optical
phonon at our transferred momentum. The linear term empirically models
the response of the phase mask alone, here considered as background, and
represented by the “m” and “q” values which do not carry additional phy-
sical meaning. This term thus represents the background rise and is
necessary to provide a proper guide-to-the-eye for the reader otherwise the
fit cannot follow this rise. In the equation, At = t-t, is the time delay, ois the
width representing the time resolution, ¢;, ¢, and c; are intensity constants,
7y is the electronic decay time, 7, is the phonon decay-time with frequency v
(16 THz) and phase shift ¢ (2.6 rad). The good agreement between the
experimental and simulated traces shows that the data is consistent with
diffraction from coherent optical phonons with a momentum induced by
the TG period (in case of the (222) reflection, the momenta of the reflection
and the TG are combined).

The generation of coherent phonons by short-wavelength pulses is
quite surprising in itself. The mechanism remains unclear, despite the fre-
quent observation of coherent optical and acoustic phonon generation in
EUV*" and hard X-ray"”* TG experiments on solid materials, while Huang et
al. reported coherent acoustic phonons in an all hard X-ray pump-probe
scattering experiment on bulk SrTiOs and KTaOs single crystals™. In the case
of Bismuth Germanate (BiyGe;0,,, denoted as BGO), the 2.7 THz (370 fs)
optical phonon was observed by optical impulsive stimulated Raman scat-
tering (ISRS)**”, in EUV-TG experiments using 12.7 nm pump pulses and
an optical probe’, and in hard X-ray experiments using 7.1 keV pump pulses
and an optical probe”. Likewise, the 65 fs phonon of crystalline Si in the
present study has been reported in optical-domain ultrafast transient
reflectivity’”, impulsive stimulated Raman®, and in transient electro-optic
measurements”. Depending on the excitation conditions, the generation
process was found to have a displacive (cosine dependence) or a non-
resonant impulsive stimulated Raman scattering (ISRS, sine dependence)
origin, although intermediate situations may arise””. The observations on
BGO and the present ones on crystalline Si show that the generation of the
coherent phonons is independent of the excitation energy. While this does
not exclude the ISRS mechanism in the case of the optical excitation, it is
ruled out in the case of EUV or hard X-ray excitation and we believe that the
observed coherent optical phonons are driven by the electronic excitation via
the displacive mechanism. In the work by Huang et al., the generation of
coherent acoustic phonons was related to the photoelectron and Auger
electron cascade dynamics, as well as the electron-phonon interaction™.

The origin of the first peak at 15-20 fs in Fig. 4 deserves examination. It
occurs even in the absence of the sample. While a definitive assessment of its
origin is not possible at this stage, we believe that the pump pulse may induce
an ultrafast electronic response in the phase mask. Indeed, with 5keV
photon energy in the pump pulse, the M-shells of Au are most likely excited.
Such an excitation will decay on the scale of the core-hole lifetime of <4 fs*,
and generate an electronic cloud from additional, sub-fs intra-atomic decay
channels. Indeed, calculations™ have shown that 8 keV/10 fs XFEL pulses at
a fluence of 5 x 10" photons/pm’ can strip 20 electrons from Fe atoms
within 10 fs. The temporal dynamics of such an electronic cloud around the
atoms in the phase mask will alter the diffraction properties of the mask and
yield the appearance of the first peak in the signal. As alluded to above, it is
likely that the crystalline Si sample may also contribute to the first temporal
peak, and for the same reasons as invoked in the case of the gold mask. And
indeed, its delayed appearance would be caused by the same electronic
response as in the case of the gold mask. In addition, we note that it does fit
nicely in the sequence of oscillations due to the 65 fs mode. Should this
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hypothesis be confirmed, we have evidence of the temporal evolution of hot
photo- and Auger electrons preceding the generation of coherent optical
phonons.

Conclusions

In this work, we demonstrated all hard X-ray transient grating spectroscopy,
where both the pump and probe beams operate in the hard X-ray regime, on
two samples: films of amorphous FeGd and crystalline silicon. In the latter
case, the X-ray TG response was monitored both in transmission and using
X-ray diffraction. This ability to combine the two detections offers addi-
tional insight, since the detected momentum transfer (Q) range can vary
significantly between the transmission and diffraction geometry. Indeed, the
Q-range in transmission is due to the inverse of the grating period, while in
diffraction, it is the sum of the Q-vectors due to Bragg reflection and due to
the TG. For the proof-of-concept and the observation of TG signals induced
and probed by hard X-rays in the first place, the present work utilized TG
grating periods that are significantly larger than those ultimately achievable
with hard X-rays. This is a consequence of the chosen geometry but the
implementation of phase masks with smaller pitch or an X-ray set-up based
on crystal reflection has the potential to reach sub-nm TG periods™.

The time-resolved trace on the phase mask shows an early time-
response which we attribute to electron dynamics whose complete inter-
pretation requires additional studies. Such dynamics act as a modulation of
the probe beam at the sample for which, unlike for the time-independent
spatial scans, a simple normalization with respect to the intensity from the
source is not enough. Unfortunately, the traces were acquired in different
experimental conditions and a normalization accounting for the phase
mask’s temporal response was not possible. We underline that this limita-
tion is not due to the TG method that, like every spectroscopic technique,
requires normalizations. Indeed, a proper acquisition of a reference trace
without sample would immediately solve this problem. Another more
complex alternative requires the pump beam to pass through the phase
mask to generate the Talbot effect while the probe beam does not pass
through the mask. This would not modulate the probe beam intensity at
different time delays but would require a non-collinear geometry which, in
turn, needs the implementation of additional optics such as split-delay lines
and grazing incidence mirrors. Even without normalization for the trace
without sample, the main result on crystalline silicon is the appearance of a
coherent optical phonon, not present in the phase mask trace. The
mechanism behind the generation of coherent phonons still needs to be
clarified, as well as the origin of the surprisingly strong signals.

We also demonstrated self-diffraction in the hard X-ray regime. This
opens the fascinating possibility of TG experiments using a single pulse, with
the excitation occurring in the leading edge of the pulse while the probing
occurs in its trailing edge. Given the very short pulse durations used here
(~7 fs), this allows for the investigation of phenomena taking place within
the pulse duration, i.e., within a few femtoseconds or less. Combining this
time resolution with spectroscopic tuning through core resonances could
provide an exciting and elegant approach for investigating electronic
dynamics that precede structural changes. The scheme used in the present
paper is reminiscent of a similar one implemented in the optical domain by
Katayama et al.”, in which they used heterodyne detection. This is a pro-
mising avenue for the present work.

Our study identifies key factors that could unlock previously inacces-
sible spatial—and thus momentum—regions, potentially advancing the TG
approach for nanoscale dynamics in condensed matter systems. This high-
sensitivity technique enables low-fluence experiments, addressing the chal-
lenge of high-intensity irradiation in FEL-based material studies. Under-
standing nanoscale dynamics is key to developing next-generation materials,
including miniaturized thermal devices, superconductors, and ultrafast data
storage. In particular, nanoscale thermal transport studies are vital for
improving heat management in micro- and nano-electronic devices.

Moreover, all X-ray TG emerges as a complementary technique to
inelastic neutron™ and X-ray” scattering, which are widely used to study
collective dynamics in condensed matter. However, these scattering

methods face significant limitations when probing nanoscale phonon
modes, especially in disordered systems such as liquids or glasses, where the
absence of periodicity necessitates the study of phonon-like modes in the
first pseudo-Brillouin zone®.

The attosecond time-resolution achievable in the EUV is becoming
available in the hard X-ray range", opening the possibility to investigate
resonant core-hole induced dynamics before thermalization by all hard
X-ray TG, and with element-selectivity in both the excitation and the
probing steps. A promising avenue of attosecond hard X-ray TG is the use of
two broadband pulses for excitation and one for probing, which could span
more than one core transition and allow detecting cross-talk between atomic
centers in a molecule or a solid. This would be the route towards multi-
dimensional X-ray spectroscopies.

This first demonstration of all hard X-ray TG spectroscopy calls for
further experiments at XFEL facilities, which will address the numerous
open questions raised by the present work.

Methods

Beamline and instrumentation

The experiment was performed at beamline BL3 (EH4c) of the SACLA Free
Electron Laser (Hyogo, Japan)*'. Two collinear X-ray pulses were generated
from the same electron bunch in two undulator sections with variable
undulator parameters. In the first undulator section the pump pulses at
5keV were emitted with intensities up to 100 yJ, and in the following sec-
tion, the probe pulses at 7.24 keV with intensities up to 50 pJ. Time delays
between the two pulses ranging from 2 fs up to 300 fs were provided by
controlling the electron bunch pathway through a magnetic chicane located
between the two sections”. The focusing was provided by a set of total-
reflection elliptic mirrors arranged in the Kirkpatrick-Baez (KB) geometry
with a focal length of 1300 mm in the diffraction plane of the phase mask
(horizontal)*”. Upstream the KB mirrors, an online spectrometer that
consists of a 15-um-thick nanocrystalline diamond film and a
2-dimensional detector”’ was installed to measure single-shot spectra and
relative intensities of the two pulses. Spatial content of the X-ray beams
outside the aperture of the KB mirrors was rejected by 4-jaw slits located in
front of both the online spectrometer and the KB mirrors. The phase mask
generating the Talbot carpet was made of gold with a pitch of 200 nm, duty
factor 0.5 and a phase shift of /2 at 5 keV*'. The test sample used for the long
spatial scan (Fig. 2) was a thin film of FeGd (thickness 1.7 um) deposited on
a silicon nitride membrane. The main sample was a 10 um-thick silicon
single crystal in <100> orientation. The phase mask and the sample were
mounted in air on translation/rotation stages allowing for fine alignment.
The average distance between phase mask and sample was about 5 mm.
Transmission and diffraction signals were measured by multi-port charge
coupled devices (MPCCDs)™ placed, respectively, 2660 mm and 780 mm
downstream the sample. Pump and probe beam sizes at the sample were
measured before the experiment with a knife-edge scan method showing
100 pm x 65 um and 55 um x 55 um Full Width at Half Maximum
(FWHM) for the pump and probe beams, respectively.

The X-ray diffraction (XRD) detector was placed in the horizonal
scattering plane to collect the (222) forbidden-peak of silicon with close to
normal incidence (89.4°) to the (100) surface in Laue geometry, having
8 =0° (horizontal scattering), y = 66.2°, w = —133.9° (w = 0 having (01-1)
axis horizontal). Aluminum and vanadium solid state filters of different
thicknesses (the vanadium foil was 25 pm-thick, while the aluminum was
varied between 18 and 168 um) were used before the phase mask to
attenuate and control the intensity of both pump and probe beams while a
thick (168 um) aluminum foil was placed in front of the MPCCD in
transmission to avoid contamination of the pump beam on the detector. The
geometry of the experiment is sketched in Fig. 1 (inset, not to scale).

Data treatment and nonlinearity of the signals

The single shot spectra for pump and probe pulses were measured on a
dedicated on-line spectrometer based on a bent silicon crystal and a
2-dimensional X-ray detector. Both spectra were fit to a double Lorentzian
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Fig. 5 | Nonlinearity of the transient grating signal as a function of the pump
intensity. All X-ray TG signal intensity in transmission (blue) and diffraction (red)
at Z=7.3 mm and ¢ = 2 fs as a function of the pump intensity. The shaded areas for
each trace correspond to the signal including the standard deviation. Areas included
in the vertical red/blue dashed lines represent the minimum and maximum inten-
sities considered in the analysis of the quadratic behavior of the d/t-XTG signals. The
blue trace shows outliers for low (below 10 pJ) and high (above 80 pJ) pump
intensities (at the source), while the red trace shows a plateau at high pump inten-
sities (above 40 pJ). This behavior is probably due to saturation of electron deloca-
lization effects for high incident beam intensities. This effect does not affect the
transmitted TG signal.
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Fig. 6 | Schematic diagram of an optical set-up for far-field intensity distribution
measurements. Two divergent beams (pump in blue and probe in red) illuminate
from the left the phase mask situated in the plane z = 0, positioned after the lens (L).
Each beam has its own radius of curvature which causes different beam radius at the
phase mask plane. Due to the Talbot effect, transient grating excitation is formed on
the sample (placed at a distance z, from the phase mask). The far-field diffraction
pattern is recorded by a two-dimensional position-sensitive detector, which is
situated on the distance Z from the phase mask. The coordinate system is the
following: § represents the in-plane coordinate of the grating (z=0), n denotes the
coordinate at the sample plane (z = z;), and x is the coordinate at the plane of the
position-sensitive detector (z = Z).

curve to assign individual intensities for both X-ray pulses, also taking into
consideration the transmission of the beamline at the two different photon
energies. Spatial and time scans were performed with 2000 to 4000 shots per
step and the intensities (2D images) were collected by the MPCCD detectors
on a shot-to-shot basis. Each 2D image was normalized by the probe
intensity on a shot-to-shot basis filtered for outliers such as: pump/probe
intensities below/above 10/80 uJ and 1/40 pJ respectively, and pump/probe
energy spectra peak position and bandwidth (i.e., ensuring spectral purity
and stability of both pulses). Whenever possible, intensity scans of the pump
pulse were acquired taking advantage of the natural SASE fluctuations in
pulse energy.

Due to the geometry of the experiment, different regions of the detector
showed the presence of the TG signal due to multiple diffracted beams
overlapping at specific regions of the detector. The intensity pattern at the
detector in transmission shows a series of diffraction peaks in the horizontal
plane (displayed in Fig. 1): the probe beam is diffracted by the phase mask
into several probe beams passing through the sample and reaching the
detector. The pump beam excites the sample and the transmitted part is
absorbed by solid state filters in front of the detector. Each probe beam

reaches a region illuminated by the TG and generates a signal beam that,
given the experimental collinear-geometry, overlaps with a diffraction order.
The centroid of these signal beams is slightly shifted with respect to the
diffraction beams due to the fact that the periodicity of the TG at the sample
was slightly demagnified, i.e., about 194 nm instead of 200 nm. It can be seen
that for the presented case, the angular separation between transmitted probes
and signals is negligible (few tens of microrads for the first order of diffraction
and a consequent spatial separation less than 70 um). Considering that the
spot size of the probe beams at the detector was about 2.5 mm, it was not
possible to detect background-free signals in this geometry. This problem can
be solved in the future by adopting a non-collinear geometry that, however,
requires the use of additional X-ray optics and a higher level of complexity.
Nevertheless, after normalizations and filtering, as described above, we were
able to detect the signals presented in the main text, displaying the expected
fingerprints of the Talbot carpets as well as nonlinear behaviors.

A similar argument applies for the intensity pattern on the detector in
diffraction (also shown in Fig. 1) which displays a main Bragg peak (cor-
responding to the (222) silicon peak) and side peaks generated by the dif-
fraction orders of the probe beam reaching the sample with a small angular
mismatch due to the presence of the phase mask. Also signals were found
inside these peaks because the pitch at the sample was still quite coarse and
the expected side-bands related to the TG signal were inside these peaks.

In the data analysis, the regions with the highest intensity and best
signal-to-noise ratio around the diffraction peaks were selected. The
signal was obtained by integrating over the 2D images of the detector
within these regions, after carefully removing outliers identified as the
points outside the vertical dotted lines in Fig. 5, i.e., below 10 pJ and
about 80 pJ for pump and above 40 pJ for the probe. The transmission
TG trace shows a quadratic trend as a function of the pump energy,
except for few points at the lowest intensities that are considered outliers.
The diffracted TG trace also exhibits a quadratic behavior as expected,
until it reaches a plateau, which we assume might be due to dynamical
diffraction effects generated by the intense pump beam. It is worth noting
that all the reported signals vary strongly by as much as 15-20%. This
result is unexpected considering the non-resonant photon energy
employed for the probe, and it calls for further investigation. Never-
theless, the reproducibility of the data and the agreement with theory are
convincing evidence of the non-linear nature of the signals.

Simulations

Figure. 6 illustrates the general principles of the far-field behavior in the
experiment. The input field consists of two optical beams with different
wavelengths, Ay (pump) and A; (probe), which pass through a focusing
element, L. In this case, L corresponds to the KB mirrors, forming a con-
vergent wavefront at the phase mask plane (z=0).

The field scattered from the phase mask forms a grating on the sample,
which is positioned at a distance z = z; from the mask. Since the sample is
mounted on a movable platform, the properties of the grating strongly
depend on the value of z;. The far-field image is captured by a sensor located
at a distance z=Z — z, from the sample, where a filter isolates the probe
beam (A;) under analysis while removing the pump beam (A). It is
important to note that the scheme depicted in Fig. 6 is a general conceptual
diagram, and the distances z, and Z shown do not correspond to the actual
experimental scales. Throughout this discussion, we define the transverse
spatial coordinate & in the grating plane (z =0), # as the coordinate in the
grating on the sample plane (z = z), and x as the coordinate in the image
plane (z=Z> z).

Suppose that the one-dimensional (1D) grating transmission function
can be expressed as a Fourier series:

@ =3¢, )

where D is the grating period, and {C,,} are the Fourier coefficients associated
with the grating unit cell. For a Gaussian field with a waist value w, the 1D
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field intensity at any distance from the grating can be expressed as":

2 (R—2)? ;
IA(X|Z) ~ eiv(:;—kz) Z CmC:efl(nzﬁ»mZ %7]”(m27n2)g2i
m,n

@

R—z) P
% e’“ = (ig(m+n)+]%(m—n))

where the symbol * denotes complex conjugation, and R is the wavefront
curvature on the grating for the incident beam, which also depends on the
initial curvature of the Hermite-Gaussian beam, R:

2

E(£|0) = Eye 32elt, (3)
where E, represents the initial amplitude. Here and in what follows, we
assume that the initial curvature of the Hermite-Gaussian beam is Ry = co.

We now introduce the phase effectivity parameter f3, which serves as a
single, experimentally relevant parameter that combines material proper-
ties, beam intensities, and sample geometry to describe nonlinear phase
modulation. The parameter 8 quantifies the nonlinear phase shift induced
by the Kerr effect, integrating key material and experimental factors. It
depends on the sample’s nonlinear refractive index #,, thickness, probe
wavelength 1;, and total beam peak intensity Iy = Ipxo + Ior1, determining
the modulation depth of the transmitted wavefront. While  remains valid
for low-loss materials, it may require corrections in high-intensity regimes
where nonlinear absorption effects become significant. Assuming that such
an intensity distribution creates a grating on the sample, the phase effectivity
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Fig. 7 | Simulated far-field image intensity distribution for different distances
between grating and sample (dynamic grating). Simulation parameters are: the
central distance between grating and sample is 10 mm (zero value in the figure);
grating period D = 200 nm; phase depth of grating is 0.5 7 for wavelength 0.248 nm
(5keV) and 0.37 for 0.171 nm (7.24 keV); beam waist value is w = 97 um; phase
effectivity parameter 8 = 0.1; and pump to probe intensity ratio is p = 1.

B appears in the transmission function as:

Tp(nlzy) = eIBC11z0) /1o @)

where I(n7]zy) = Iyo(11l24) + I (11l2o) is the total light intensity on the
sample. At any distance z from the grating on the sample, the amplitude
distribution of the optical field is given by:

E(x|Z) = 1 m

o0

E(nlzo) T (nlzo) PSF (x — n|Z)dn, (5)

where PSF(x - #|Z) represents the one-dimensional (1D) Fresnel
approximation of the free-space point spread function:

1 g ()’
PSF(x —n|Z) = e/l Iz 6
(x —nlz) iz (6)
One can now observe that Eq. (5) can be rewritten as:
+00 +00 o . 2(5—n)*+29(x—n)
B2~ 30, [ [ B g gy
n —00 —00
(7)

Since Eq. (7) cannot be solved analytically, computer simulations are
performed. The grating on the sample, T, expands the spatial spectrum of
the far-field image, leading to the appearance of additional diffraction
orders. It is important to note that there exists a specific distance, denoted as
Zmax beyond which the different diffraction orders no longer interfere with

each other:
Z\ !
? )

This distance can be easily determined using geometrical analysis. For
any distance greater than Z,,,,, the Talbot planes disappear, indicating a
transition from the Fresnel regime to the Fraunhofer regime.

On the other hand, additional interference appears in the far-field
zone due to the wavefront structure, resulting in an enlarged image of the
grating. As previously noted, the structure of the grating on the sample,
Tp, depends on the field structure at distance zo, as defined by Eq. (2).
This dependence leads to variations in the intensity distribution in the far
field (see Fig. 7).

Itis important to note that shifting the sample along the z-axis alters the
spatial spectrum of the grating on the sample, leading to modifications in the
diffraction orders. Since Talbot lengths vary for different wavelengths, a
dependence on the intensity ratio of the pump and probe beams (p) is also
expected.

zmax=zT%<1 - ®)

Fig. 8 | Characterization of FeGd sample.

a Magneto-optical Kerr-effect (MOKE) measure-
ments in the polar geometry for the FeGd sample
and b magnetic force microscopy image (right). The
white scale bar in (b) corresponds to a

length of 4 um.
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FeGd sample

FeGd films have been deposited by Ar magnetron co-sputtering from two
elemental targets of Fe and Gd on a Si;N, membrane. The base pressure of
the main chamber was <2 x 10™® torr and the Ar working pressure was set to
3 mTorr. The thickness of the film was estimated to be about 1.7 um. The
film exhibited a perpendicular magnetic anisotropy with a saturating field of
200mT determined by magneto-optical Kerr-effect (MOKE) measure-
ments in the polar geometry (Fig. 8a). The magnetic multidomain state at
remanence was determined by magnetic force microscopy, as depicted in
Fig. 8b. During the TG measurements, the samples were kept inside a
uniform magnetic field provided by a permanent magnet perpendicular to
the sample surface.

Data availability

Raw data are available upon reasonable and motivated request.

Code availability
Codes employed in the simulations are available upon reasonable and
motivated request.
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