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ABSTRACT
With the introduction of x-ray free electron laser sources 
around the world, new scientific approaches for visualizing 
matter at fundamental length and time-scales have become 
possible. As it relates to magnetism and ‘magnetic-type’ sys-
tems, advanced scattering methods are being developed for 
studying ultrafast magnetic responses on the time-scales at 
which they occur. We describe three capabilities which have 
the potential to seed new directions in this area and present
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original results from each: pump-probe x-ray scattering with 
low energy excitation, x-ray photon fluctuation spectroscopy, 
and ultrafast diffuse x-ray scattering. By combining these 
experimental techniques with advanced modeling together 
with machine learning, we describe how the combination of 
these domains allows for a new understanding in the field of 
magnetism. Finally, we give an outlook for future areas of in-
vestigation and the newly developed instruments which will 
take us there.

GRAPHICAL ABSTRACT

1 Introduction

In recent years, remarkable new phases of matter have been both predicted 
and measured, such as quantum spin liquids, skyrmions, strongly spin-orbit 
coupled materials, quantum spin Hall insulators, and helical topological su-
perconductors [1]. These phases often arise due to delicate combinations of 
multiple interactions such as quantum confinement or magnetic frustration, 
and can display magnetic features with both short-range and long-range or-
der from sub-nanometer to micron length scales [2]. Quantum materials 
exhibiting this behavior hold promise for highly efficient electronic- and spin-
transport as well as tunability for technological applications  [3,4]. One such 
field is that of spintronics, where the magnetic degree of freedom can be used 
as a knob for new functionalities and enable new abilities to control mate-
rials  [5,6]. For instance, controlling the anisotropy can be accomplished by 
field tuning a spin- 1/2 system to transform an isotropic 2D Heisenberg to the 
highly anisotropic 2D XY system [7].

A common theme in ‘quantum engineering’ of materials and devices is the 
ability to temporarily drive one phase into another, usually by the introduc-
tion of a symmetry-breaking mechanism or radiative excitation  [8–14], or 
to create new transient states of matter [15–17]. This necessitates a robust 
theoretical understanding of how systems respond to stimulation at ultra-
fast time-scales. One such example in the field of magnetism is the 2D van 
der Waals materials  [18,19]. Here, theoretical models can be tested directly, 
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such as the Berezinskii-Kosterlitz-Thouless transition which predicts topo-
logical order. In the 2D limit, magnetic fluctuations can become dominant, 
and can also act to mediate the formation of other types of hidden quan-
tum phases [20]. Probing such fluctuations requires the development of new 
experimental tools with sensitivity on the requisite time- and length- scales.

Another rapidly growing field of study is the understanding and control 
of discrete topological objects, such as magnetic skyrmions. These have been 
shown to respond to small magnetic fields with incredible implications for 
technological applications such as computer memory  [3,21]. While the mo-
tion of individual spin-moments can be described on the nanosecond time-
scale by the Landau-Lifshitz-Gilbert equation, descriptions of spin-dynamics 
alone are insufficient for getting the full picture, since the emergence of 
skyrmion spin-textures arise from complicated competitions between a host 
of magnetic interactions, and can involve quasi-particles which are many lat-
tice units in size. These structures exhibit dynamics that range across many 
time-scales from microseconds to the ultrafast, and can span length-scales 
much larger than the unit cells of their parent lattice  [10,22–24].

Many powerful scattering methods exist and have continued to be de-
veloped for understanding dynamics related to novel magnetic phenomena. 
This is commonly explored through inelastic spectroscopy techniques, such 
as static and time-resolved resonant inelastic x-ray scattering. This is a superb 
option to measure magnetic excitations that has been successful on a num-
ber of systems and has shown a lot of potential [25–29], but is quite far from 
the caliber of energy resolution delivered by neutrons. Small-angle neutron 
scattering (SANS) as well as inelastic neutron scattering have also been used 
profitably to study complex magnetic textures  [30,31]. In neutron spin-echo 
spectroscopy (NSE)  [32,33] the dynamic structure factor can be accessed 
down to nanosecond time-scales with atomic precision, but can sometimes be 
challenging compared to x-ray sources due to the low scattering cross-section 
and absorption of neutrons in some materials, as compared x-rays. This aspect 
can hinder the capability of neutron methods for studying thin samples and 
systems undergoing rapid time-development, because the neutron signal flux 
has to be averaged over long times. In order to make continued progress, novel 
methods are needed to access magnetic structure and excitations at relevant 
length-scales as above, but that additionally can access dynamic phenomena 
at ultrafast timescales.

Complementary tools now are available which can target some of the mod-
ern topics in magnetism for the study of dynamics at the atomic scale using 
X-ray Free-Electron Lasers (X-FEL). This effort has a long history [34], from 
the first demonstrated rapid quenching of magnetic order [35] to the early 
use case of using the Stanford Linear Accelerator to create short magnetic 
field pulses to read and write in magnetic recording media [36] Currently 
these new machines are creating enhanced capabilities in this area (for some 
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good reviews, see [37–39]). These types of sources have had impact in many 
scientific research areas [40], notably in wide-ranging areas such as atomic 
and molecular science  [41–43], astrophysics [44,45], condensed matter and 
materials physics [15,46–48], and structural biology [49,50]. This versatility 
is mainly owing to the ability to provide femtosecond x-ray pulse durations, 
large pulse energies, and repetition rates, up to theorder of a MHz  [40,51–53]. 
The photon energy is also typically tunable, allowing for element-specific 
resonant x-ray scattering for instance, which can isolate and enhance the mag-
netic structure signal from the sample  [54–60]. These next generation light 
sources hold vast potential for driving the field of magnetism to new heights.

It is in this context that we provide a forward-looking perspective in the 
field of magnetism focused on methods based on X-FEL radiation, espe-
cially as it relates to the ultrafast regime. We specifically focus on three 
methods which could be transformative in this area. With a close coupling 
between theory, combined with recent machine-assisted analysis techniques, 
we outline recent progress which has occurred by optimizing this overlap. 
In addition to a description of the experimental methods, we review the 
theoretical result for the cross-section of magnetic systems to showcase re-
search in this area and to help create an intuitive picture of what each method 
seeks to measure. We support this with theoretical tools, which have demon-
strated potential for advanced time domain studies. These provide theoretical 
predictions, aiding in the interpretation of phenomena, and offer indepen-
dent justification for significant progress. Interwoven though all this are new 
machine learning (ML) advancements which can enhance and accelerate ul-
trafast materials studies in magnetism. Though there is much progress in the 
ML field, we choose three ‘hot’ topics to review for the researchers in ultrafast 
magnetism that might be new to this area. Finally, we provide an outlook for 
spin-sensitive studies in the ultrafast regime. We conclude with a discussion 
on the scientific prospects which will be available with the latest accelerator 
modes and new instruments being constructed at the LCLS-II.

2 Ultrafast experimental methods

Here we discuss three methods of experimental investigation that can be im-
plemented for studies in ultrafast magnetism at next-generation light sources. 
The range of examples was chosen to demonstrate the variety of areas in mag-
netism that can be tackled with X-FELs, which are also linked together with 
new instrumentation we discuss in Section 5.3. These are quantum materi-
als with strong electron correlation containing low-energy modes – such as 
those that can be accessed with THz radiation, exotic or textured magnetic 
phases – such as topological solitons, as well as systems where magnetic frus-
tration plays a deterministic role – for example, Ising spin chains, spin-ices, 
and spin-glass systems. We outline the three modes of investigation below.
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Figure 1. THz excitation in materials. (a) The optical reflectivity at a wavelength of 800 nm show-
ing the rich information available at ultrafast timescales under long wavelength excitation. The 
system is the high-temperature superconductor YBa2Cu3O6+x , and was pumped with a strong-
field THz excitation of ~400 V/cm and is plotted as a function of both time and temperature (data 
based on Dakovski and co-workers [62]). (b) The soft x-ray scattering response (blue markers, left 
axis) in the multiferroic TbMnO3 after THz excitation (red line, right axis) in resonance with an 
electromagnon. The sub-picosecond pulse can be used to control spin dynamics by inducing the 
rotation of a spin-cycloid structure in the material [46]. 

2.1 Thz / X-ray pump-probe scattering

One area of focus combines femtosecond x-ray probes with THz excitation 
of materials, especially in the area of magnetism [61]. This can provide long 
wavelength combined with strong electric field excitation to resonantly pump 
or induce new phenomena in materials, such as the probing of the supercon-
ducting condensate (Figure 1a). Using resonant x-ray scattering, the magnetic 
structure can be directly probed, such as the L–edge, responsible for p-to-d
transitions of the magnetic ion. A powerful use of X-FELs is to combine this 
sensitivity of the magnetic structure with THz excitation. With short-pulsed 
THz radiation, low energy modes can be directly excited for spin relaxation, 
spin enhancement, or coherent spin control [46]. For instance, ultrashort THz 
pump pulses can directly couple to electromagnons (see Figure 2b). By using 
soft x-ray scattering at the Mn L–edge to probe the spin state in TbMnO3, 
strong field THz was used to both excite and study the response of an elec-
tromagnon excitation [63,64]. With current developments underway at the 
LCLS-II (see Sec.5.3.1 and Sec.5.3.2), THz pumping will soon be possible 
while probing with high-repetition rate soft x-rays for direct sensitivity to 
different types of electronic ordering.

Another example is in non-resonant THz pumping, where THz excita-
tion has been shown to have spin sensitivity. Preliminary measurements were 
carried out [65] on a manganite single crystal of Nd1–xSr1+xMnO4 (x = 2/3) 
consisting of non-resonant THz pumping the system, and x-ray or opti-
cal probe. The experimental details are outlined in Appendix 5.4. The main 
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Figure 2. Amplitude spectrum of the THz pump pulse obtained from the Fourier transform 
of its time trace. (b) Temporal evolution of the 800 nm optical reflectivity (left axis) at 50 K 
(blue) and 300 K (black) after p-polarized THz photoexcitation of the manganite single crystal, 
Nd1–xSr1+xMnO4 (x= 2/3). The lower temperature is below the Neel temperature in this crystal 
and is likely demonstrating enhanced sensitivity to the magnetic order. The time trace of a single 
THz pulse is shown in red (right axis). 

results show THz generation produced through non-linear rectification us-
ing a organic crystal to generate high electric field strengths (Figure 2a) 
and demonstrate how sensitive the magnetic ordering is to THz excitation 
(Figure 2b). This illustrates the reflectivity response to high-field, short-pulse 
THz radiation centered at around 1.5 THz, the frequency spectrum of which 
is shown in Figure 2b. The curves show the THz pulse trace (red), the neg-
ligible response to IR light above the ordering temperature at 300K (black), 
and the response of the spin state which occurs below the Néel temperature 
(blue). When the crystal is magnetically ordered, the THz response shows a 
much more dramatic response compared to above room temperature. This 
is reminiscent of other effects that seem to be enhanced with THz radiation, 
such as the surprising sensitivity to the superconducting condensate in the 
presence of charge rather than magnetic order, in the high-temperature su-
perconductor YBa2Cu3O6+𝛿 [62]. These results point to the value of exploiting 
the use of the strong THz response to magnetic systems with different types 
of ordering while using the high repetition rate capability at X-FELs to map 
out the ultrafast magnetic response in fresh detail.

2.2 X-ray photon fluctuation spectroscopy

Another area of anticipation is in using x-ray pulses with different separa-
tion times between pulses, to perform ‘probe-probe’ measurements to study 
magnetic fluctuations, sometimes referred to as x-ray photon fluctuation 
spectroscopy’ (XPFS) [66]. This is similar to x-ray intensity fluctuation spec-
troscopy (XIFS) [67] or -ray photon correlation spectroscopy (XPCS) [68], 
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but instead of correlating scattered x-ray speckle patterns between shots, the 
shots are added together and the contrast is extracted from the pulse pair, 
when the pulses within each pair are finely spaced in time. These methods 
take advantage of the high degree of coherence of the x-rays delivered by ad-
vanced light sources to produce ‘speckle’ patterns, where scattered photons 
create a complex intensity pattern based on the exact configuration of the 
system. The given configuration is typically not detected but averaged over 
when the degree of coherence is not high. By monitoring this speckle pattern, 
fluctuations of the structure can be measured and related back to theory to 
directly access the interactions between constituents within the system.

XPFS is an ultrafast version of XIFS or XPCS and is in the spirit of x-ray 
speckle visibility spectroscopy, where the contrast is analyzed rather than the 
intensity-intensity autocorrelation function [69,70], but the contrast is ob-
tained from a pair of summed pulses  [71]. This benefit provides technical 
motivation because in this case, the area detector collecting images does not 
have to be read out at the rate of the pulse separation, but rather the repetition 
rate of the delivery of pulse pairs from the light source. This capability pro-
vides an incredible potential for access to much shorter times. Importantly, 
the information can still be captured with the summation of the individual 
pulses, when keeping track of the number of pulses added and with the caveat 
that the signal-to-noise goes down for multi-shot images.

Furthermore, effects that have long caused major challenges in XPCS, such 
as beamline vibration, are not cause for concern in this modality. Since this 
type of measurement consists of comparing a pair of pulses on a much shorter 
timescale than that of mechanical instabilities, the benefit is that stability of 
optics or long term drift does not come into play. Additional methods can be 
implemented as well, such as a contrast monitor [72] consisting of a disor-
dered system like nanoporous glass, which provides a diagnostic of the beam 
parameters via a high-contrast static speckle pattern that can be used to sepa-
rate the coherent scattering from the sample. Another strategy is to normalize 
the two-pulse contrast with the single-shot as an additional frame of refer-
ence to separate out sample dynamics as has been shown previously [73]. The 
pointing of the two beams can also cause concern such as when two beams are 
split by optical elements to create two paths with different trajectories [74], 
but under accelerator-based pulse pair conditions, each beam can be finely 
controlled to travel on the same trajectory and to illuminate the same area of 
the sample.

By using XPFS, the ground state fluctuations of a magnetic texture in its 
natural state can be studied, without inducing the non-equilibrium nature 
which is typically associated with ultrafast methods. This also requires ultra-
short pulses to take snapshots of the magnetic state at different times, but 
the focus is to make a time-resolved comparison of the system under dif-
ferent conditions. For instance, in the multilayered magnetic system FeGd, 
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Figure 3. Skyrmion fluctuations. (a-c) In the thin film magnet FeGd, the ferromagnetic stripe 
phase transforms to a skrymion lattice state by what seems to be a mixed phase [73]. Black and 
orange represent opposite, out-of-plane spin directions, where the more complicated ‘vortex-like’ 
spin texture within each individual skyrmion is not shown here. (d) The time-dependent structure 
factor S(q, t) of the skyrmion lattice of FeGd recorded at the skyrmion lattice scattering peak [75]. 
This multi-layered system forms a skyrmion lattice on the length scale of up to 100 lattice spacings 
and spontaneous dynamics can be measured with XPFS of this structure on nanosecond times.

the ferromagnetic stripe phase transforms to a skrymion lattice phase (see 
Figure 3a–c), which has been detected with many techniques [76–78]. Here 
XPFS has been carried out in both the mixed phase as well as the in the skym-
rion lattice phase [72,73,75,79]. By varying the pulse separation, a damped 
‘phonon-like’ mode was measured of the skyrmion lattice at the nanosecond 
timescale [75], due to the large-scale size of the skyrmion structures, of or-
der 100 lattice spacings (see Figure 3d). This is reminiscent of the Goldstone 
mode seen by neutron spin echo in bulk MnSi [33, 80], but was observed in 
this skyrmion material by directly probing the resonant scattering from the 
Gd spins of the magnetic quasi-particles.

A first study has been carried out to follow-up on this work with the new 
instruments being developed at LCLS-II, with the experimental details de-
scribed in Appendix 5.5. In this case, a particular set-up was designed to be 
inserted into the newly developed chemRIXS endstation, which is dedicated 
to host a liquid chemistry environment, in order to accomodate solid samples 
for early commissioning. This special setup was based on a prototype of the 
upcoming XPFS instrumentthe an earlier version of this, the XPFS prototype 
instrument [72], and is discussed further in Section 5.3.2. However, one issue 
with this modality is the use of a small area detector which has to be translated 
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in space to find the necessary scattering. This makes it a formidable challenge 
to identify what phase the sample is in. By live-scanning the detector over 
large regions of reciprocal space, we were able to register sub-diffraction im-
ages to each other. The first result of this final, stitched diffraction pattern 
from the detector in this mode is presented in Figure A1 in the Appendix 5.6 
where the stripe-skrymion phase was identified. More thorough studies of the 
fluctuation spectra in this system are on-going.

Moreover, recent work has focused on changing the ratio of the two probes 
to increase the first well beyond the second pulse by adjusting the pulse en-
ergies generated from the machine (Sec. 5.2.1). The idea of this option is to 
perform x-ray pump / x-ray probe by selectively x-ray pumping the system to 
study the response with soft x-rays. This is quite different in nature to XPFS 
and instead has the goal of exciting the system at very high energies.

Finally, we point out the natural extension of this, where one combines 
XPFS-type measurements with an optical/THz pump pulse to probe non-
equilibrium fluctuations in the excited state. Here, the idea would instead be 
to not keep the system in equilibrium, but to understand how the dynamical 
heterogeneity takes place during the excitation process, as has been shown 
in topological-polar materials [81]. This is more sophisticated then a typical 
pump-probe study because much more information about the length-scale 
is available than in the scattered intensity. In other words, the monitoring of 
the contrast can be used for going beyond the coherent response to probe 
disorder and heterogeneity in non-equilibrium systems as well.

2.3 Ultrafast diffuse X-ray scattering

A third method that will be critical to exploit in the field of ultrafast mag-
netism is in the study of magnetic disorder or frustration, and is typically 
studied through diffuse magnetic scattering. Many materials exhibit a well-
defined structure with characteristic collective excitations, which can be re-
solved in reciprocal space and can even be controlled externally (see Sec. 2.1). 
However, sometimes considerable information is contained away from the 
well-defined structural responses of the system, in the shorter range inter-
actions, which disturb the density-density correlations and lead to diffuse 
scattering. This diffuse scattering is typically, but not always, found near 
the peaks corresponding to the long-range order. For example, just as the 
thermal motion of atoms about their sites generates thermal diffuse scatter-
ing that can be used to obtain information about phonons  [82,83], there 
is analogous diffuse magnetic scattering which can shed light on the mag-
netic structure as well [84,85] (see Figure 4a,b). Here, magnetic correlations 
in Weyl semimetals were measured through resonant elastic x-ray scatter-
ing. The diffuse scattering provides evidence of ferromagnetic correlations 
formed by the spins of the Eu atom, well above the Néel temperature, revealing 
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Figure 4. Diffuse magnetic scattering. (a,b) the temperature dependence of the resonant elastic 
scattering intensity with scattering vector along (0,0,1/2) and (0,0,0.95) in EuCd2As2, respectively, 
taken from Soh and co-workers [86]. The increase in diffuse scattering above the Neel tempera-
ture TN  coincides with an increase in the in-plane resistivity, suggesting this may be due to charge 
carrier scattering from ferromagnetic fluctuations of the Eu spins and motivates the investigation 
of ultrafast spin fluctuations. (c) Diffuse scattering can also be studied in the soft x-ray range such 
as the resonant speckle pattern shown here, collected at an X-FEL which can be used to study 
nanosecond spontaneous fluctuations of the prototypical spin-glass system CuMn. The image 
shows the spin-glass speckle using the XPFS prototype instrument [72]. The image was collected 
at the L–edge resonance for Mn in a forward scattering geometry and demonstrates that mag-
netism can be extracted on short timescales, even with a large, non-magnetic diffuse scattering 
background, by the use of resonant scattering.

evidence of short-lived Weyl nodes [86]. The most common method for iso-
lating the magnetic diffuse scattering however has been via polarized neutron
scattering [87].

Such methods have also been used in fruitful studies of frustrated mag-
netism [85]. Just as with polymer glasses, diffuse scattering is vital in studies 
of spin glasses and quantum spin glasses and liquids, to be able to unravel 
the nature of the interactions, which are frustrated either geometrically [88] 
or by introducing site or bond disorder to randomize the exchange interac-
tions [89]. In some cases, variations in the diffuse scattering on very long time 
scales (10s of minutes) have been observed, with changes failing to stabilize 
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over several hours in the Ising spin chain Ca3Co2O6 [90]. In a similar type of 
system, 𝛾-CoV2O6, similar changes occur but on a much shorter time-scale, 
with relaxations observed by muon spin rotation decaying over several 𝜇s 
[91]. With neutrons, this time-scale can be pushed shorter using the neutron 
spin-echo technique to cover ps to 100s of 𝜇s. Unfortunately, this method 
is very flux hungry, with a limited number of instruments around the world 
possessing these capabilities [32]. These experiments often also indicate that 
significant dynamical processes exist on sub-picosecond timescales [92].

With x-ray scattering, there are several potential methods to isolate the 
magnetic diffuse scattering. Polarization can also be used as a tool, but it is 
more common to exploit resonant elastic x-ray scattering from magnetic ions 
[86]. Where working at the resonant edge is necessary, to push to the true ul-
trafast regime requires some of the techniques discussed earlier in this section 
(see Sec. 2.2 for instance), especially with new electron accelerator technology 
[93] (see Sec. 5.2.1).

It is also possible to identify positions in reciprocal space where there is no 
charge scattering. A celebrated example of this in magnetism is the observa-
tion of the so-called ‘pinch points’ that are characteristic of the spin ice state 
[94]. Here, the spin- 1

2
 neutrons interact directly with the magnetic fields gen-

erated by magnetic ions. Such measurements typically take a long time due to 
the limited neutron flux available, and can usually be considered as long-time 
averages of the short-range order. As we might expect from the fluctuation-
dissipation theorem, this short-range scattering may display dynamics on a 
range of time scales, depending on the specific origin of the diffuse scatter-
ing. This is well studied in soft condensed matter, for example regarding the 
glass transition in polymers [95], but less so in crystalline materials.

When scattering from different components overlaps in reciprocal space, 
there is also potential for this to be unraveled by observing different signatures 
in the time domain [96]. For example, in the spin glass systems, structural 
or charge scattering can obscure magnetic scattering directly related to the 
spin structure. In thin films of CuMn, this has been observed by comparing 
non-resonant to resonant scattering at the Mn-edge as a function of mo-
mentum transfer. This was shown to be successful in the measurement of 
the 4-spin correlation function which displays dynamics on very slow time-
scales, at the level of hundreds to thousands of seconds, to determine the 
Edwards-Anderson order parameter [97]. Diffuse scattering was furthermore 
measured in a forward scattering geometry at the LCLS, shown in Figure 4b, 
though this q–range is much less than typical diffuse scattering measurements 
due to the longer wavelength of soft x-rays. This shows a resonant coherent 
speckle pattern of the diffuse scattering around q = 0 using the XPFS pro-
totype instrument at the LCLS [72]. It was shown that the large amount of 
diffuse scattering in the spin glass state could be measured out to large q, up to 
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almost ~ 1 Å–1, and could furthermore be captured on the order of one pulse 
width, about 100 fs. Here, instead of using resonant enhancement to sepa-
rate the charge and magnetic scattering for extraction of pure spin dynamics, 
the dynamical signatures of the scattering could be used to measure the dy-
namic spin component, on top of the static charge contribution. By targeting 
the many areas which have been addressed above in magnetic neutron diffuse 
scattering with ultrafast x-rays, a wide ranging and fertile ground is available 
for exploration.

3 Theory

To take full advantage of the research available with the expanding X-FEL 
capabilities, certain theoretical tools are vital to tie the methods as outlined 
above together. Especially due to the notorious scarcity of X-FEL beam-
time and experimental complexity of the methods involved. Strong predictive 
models are needed before and during the experiment to ensure the allocated 
time is used optimally and efficiently. Furthermore, because of the rich vari-
ety of interactions between x-rays and materials, a theoretical perspective is 
crucial when analyzing data in order to distinguish signal from background. 
Since the focal point here is on resonant x-ray scattering, we start with an 
overview of the theoretical background for the magnetic cross-section, with 
an added discussion of how this relates directly to XPFS, though a full treat-
ment of this will appear elsewhere. This is followed by a discussion of density 
functional theory (DFT). This acts as the starting point to attain parameters 
that can be used to build an effective Hamiltonian model, using numerical 
methods which are outlined in the following section. Numerical methods for 
simulating strongly correlated spin systems which we focus on here for mag-
netism, are exact diagnolization (ED) and the density matrix renormalization 
group (DMRG).

3.1 Magnetic cross-section and resonant XPFS

The main mechanism we will focus on in this article is resonant elastic 
magnetic scattering. In an experiment this is achieved by tuning the incom-
ing x-ray photon energy to an absorption edge of the metallic ion carrying 
the magnetic spin-moments originating from unpaired valence electrons. To 
model this, we typically focus on dipole transitions, though the quadropolar 
channel can also be studied. The full cross-section for resonant scattering for 
the electric dipole transitions was first worked out by M. Blume [98] and is 
given by: 

f = fc – ifm1(𝜖∗
f × 𝜖i)⋅s + fm2(𝜖∗

f ⋅ s)(𝜖i ⋅ s) (1)
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where 𝜖 represents the incoming and final polarization states, s is the spin of 
the atom, and the fi’s are the charge and the first and second order magnetic, 
frequency-dependent scattering amplitudes.

Typically, in a scattering experiment, we project the cross-section into 
components that are either in the scattering plane, or orthogonal to the scat-
tering plane. For our purposes here, we tend to focus on the second term, 
which for small-angle scattering gives only off-diagonal matrix elements for 
the scattering process [99]:

𝜖∗
f × 𝜖i = ( 𝜖∗

𝜎 × 𝜖𝜎 𝜖∗
𝜎 × 𝜖𝜋

𝜖∗
𝜋 × 𝜖𝜎 𝜖∗

𝜋 × 𝜖𝜋
) = ( 0 ki

–kf 0 )

In this case, the cross-section goes as ∼ k ⋅ s and is optimized for spins point-
ing out of the sample plane, or parallel to the incoming beam. The resonant 
intensity enhancement can be several hundredfold that of the non-resonant 
magnetic contribution, but is still often small compared to the intensity 
originating from charge-scattering. In practice, it is best to choose Bragg re-
flections which are forbidden by the space-group of the chemical lattice but 
allowed by the magnetic sublattice, so that the first term of Equation 1 can be 
ignored and only the magnetic terms remain.

In order to observe the dynamics associated with the magnetic scatterers 
as described in Section 2.2 the resultant scattering intensity from Equation 1 
is measured as a time-series at a region of interest in reciprocal space q. For 
a typical XPCS experiment, the intensity-intensity autocorrelation function 
can be calculated: 

g2(q, 𝜏) =
<I(q, t)I(q, t + 𝜏)>

<I(q, t)>2 (2)

where 𝜏 is the time difference between intensities at different times, and the 
brackets designate an average over t. Importantly, this can be cast in terms of 
the intermediate scattering function by the Siegert relation [100] as: 

g2(q, 𝜏) = 1 + A[S(q, 𝜏)/S(q)]2 (3)

where the intermediate scattering function is equal to the field-field correla-
tion function, g1(q, 𝜏). This holds as long as the scattering being observed is 
a Gaussian process, with the phase having an equal probability on the range 
of 𝜙 ∈ [0, 2𝜋]  [101]. One note here is that when representing magnetic x-ray 
scattering, this is not the spin-spin correlation function, which is typically cal-
culated from theory, but the squared amplitude of the spin-spin correlation 
function, or a 4-spin correlation function. However, one is also able to carry 
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out so-called ‘heterodyne’ measurements, and so provide access directly to 
the spin-spin correlation function [102–104].

For the XPFS measurements mentioned in Sec. 2.2, one additional element 
is the relationship of the contrast, which can be directly calculated from the 
summed x-ray pulses, and the correlation function above. An important de-
velopment in this area was in the demonstration of the equivalence of these 
two quantities to within a multiplicative factor [71]. This indicates that a con-
trast measurement is able to retrieve the equivalent information about the 
intermediate scattering function, as in XPCS.

Lastly, typical experiments rely on both the large pulse energies and the 
pulse structure of the beam in time, but the scattered photons are usually 
collected in the sparse limit. In this case, photon counting is necessary to 
evaluate the contrast. Because the beam is fully coherent, the contrast can 
be determined by fitting the distribution of photon counts per speckle to the 
negative binomial distribution, which relates the contrast C = C(q, 𝜏) to the 
probability of k–events for a given average intensity, k:

P(k) = A0(k, M)( k
k + M

)
k

( M
k + M

)
M

, (4)

where A0(k, M) is a normalization constant which depends on the contrast 
and the speckle photon density, given by:

A0(k, M) =
Γ(k + M)

Γ(M)Γ(k + 1) (5)

In Equation 4 and Equation 5, the dependence is expressed as the number of 
degrees of freedom of the speckle pattern M, or M = 1/√C(q, 𝜏). Since this 
equation can not be solved analytically, the parameters of the distribution are 
usually estimated by invoking estimators that are valid in the low k limit [105] 
or by using maximum likelihood estimation [106]. Under certain conditions, 
an analytical solution has been shown to exist when multiple k–events are 
observed [66].

3.2 First-principles approach for modeling quantum magnetism

Next, we outline the theoretical approach to aid these ultrafast experimental 
methods, which starts with first-principles density functional theory (DFT) 
based modeling. Beyond phenomenology, ab initio calculations originate 
from a theoretical perspective which is entirely independent of analysing 
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experimental data. They offer a logically self-consistent foundation for de-
ducing experimental phenomena, both observed and anticipated. This assists 
in confirming that the phenomena observed experimentally are indeed phys-
ically meaningful. In essence, establishing a road map between theoretical 
and numerical methods and experimentally observed phenomena enables us 
to predict new phenomena based on unverified theories or models. This ap-
proach fosters the development of valuable experimental conjectures, which 
can then be taken to the laboratory for verification.

Magnetic properties span a range from fundamental quantum spins to col-
lective, classical spin moments. In the most challenging scenarios, magnetic 
ordering is deeply linked to spin exchange and/or super-exchange between 
quantum spins located on various magnetic atoms or orbitals. The dynamics 
after perturbing these spins reflect the emergent phenomena of strongly cor-
related systems and can be computed by examining the spin structure factor 
and spin-spin correlation functions. These observables are not only directly 
accessible through computation, but are also closely related to measurable 
properties in the field of ultrafast magnetism.

Simulations of strongly correlated spins often rely on a simple model, 
described by a Hamiltonian with single-body or many-body interactions, 
which captures the essence of these correlations. The model parameters 
for a reliable simulation, such as the short-range or long-range Heisen-
berg interaction J, are accessible through DFT-based methods. It is worth 
noting that other analytic methods, such as linear spin wave theory 
for fitting S(q, 𝜔) and perturbation theory for deriving exchange cou-
pling strengths, offer multiple approaches that can yield qualitatively sim-
ilar answers. However, considering the cost of trial and error of doing 
real experiments an unbiased numerical method like DFT serves as a 
crucial starting point for providing estimations of a model for further
investigations.

The recipe proceeds along the following steps: (1) Advanced density func-
tionals [107,108], such as the recently constructed SCAN functional [109], 
are used to gain a handle on the ground-state electronic, magnetic, and topo-
logical structure. Spin-orbit coupling (SOC) effects can be accounted for 
in these computations [110]. (2) First-principles spin-resolved band struc-
tures and wavefunctions are then used to evaluate magnetic anisotropy 
energies, magnetic moments, exchange parameters, anisotropic exchange co-
efficients, and the Dzyaloshinskii-Moriya interaction (DMI) [111–113]. (3) 
Informed by first-principles results, material-specific, effective tight-binding 
model Hamiltonians can be constructed for incorporating effects of electron-
electron interactions in our modeling. (4) Using atomistic spin dynamics 
(ASD) simulations with our model Hamiltonians, we can investigate the 
evolution of skyrmion states in various materials [114,115]. Finally, (5) the 
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preceding steps can be repeated after revealing effects of strains and magnetic 
fields on effects such as skyrmion formation.

The modeling of magnetic structures, especially skyrmions, within the 
DFT framework is quite challenging due to the large size of the magnetic 
unit cells involved. Therefore a combination of DFT and ASD simulations 
is needed, for instance, to study DMI-induced skyrmions in the presence of 
an external magnetic field. This has previously been used in treating CrI3
[116]. It involves finding the solution to the Landau-Lifshitz-Gilbert (LLG) 
equation [115]: 

dm
dt = |𝛾|m × ∇ℋ + 𝛼(m × dm

dt ) (6)

where 𝛾 is the gyromagnetic ratio, m is the total magnetic moment vec-
tor for each magnetic atom, 𝛼 is the Gilbert damping coefficient, and most 
importantly, ℋ is the Hamiltonian of the system 

ℋ = – ∑
<ij>

Jijni ⋅ nj – ∑
ij

Kj( ̂Kj ⋅ ni)2– ∑
i

𝜇iB ⋅ ni – ∑
<ij>

⃗Dij ⋅ (ni × nj) (7)

where J ij is the Heisenberg symmetric exchange, Kj is the single-ion 
anisotropy, B is the external magnetic field, and Dij is the DMI vector. Note 
that ̂Kj denotes the direction of the anisotropy and mi = 𝜇i ⋅ni is the magnetic 
moment.

Once the electronic structure of a given magnetic material within the DFT 
framework is attained, a highly accurate real-space low-energy model can be 
constructed using Wannier functions as the basis implemented in the Wan-
nier90 code [117,118]. Green’s functions combined with the magnetic force 
theorem are used to systematically calculate the exchange parameters of the 
Heisenberg Hamiltonian following the Korotin approach [119]. The isotropic 
exchange parameters, DMI, and the anisotropic exchange between two sites i
and j can be extracted from the following equations. 

Jij = Im(A00
ij – Axx

ij – Ayy
ij – Azz

ij ), (8)

 

K = Im(Auv + Avu) (9)

 

⃗Du
ij = Re(A0u

ij – Au0
ij ), (10)
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where Auv
ij = – 1

𝜋
∫EF

–∞ Tr{pz
i Gu

ijpz
j Gv

ji}d𝜖, u, v = {0, x, y, z}, Gij is the Green’s 
function, and pi = Hii(R = 0) is the intra-atomic part of the Hamiltonian. 
These magnetic exchange parameters are then used in the ASD simulation 
to predict the presence of skyrmions. To our satisfaction, this method has 
been extensively tested for various magnetic materials, such as CrI3 [116] and 
NiPS3 [120].

However, since the exchange-correlation energy – which encompasses all 
spin interactions crucial in magnetism – is treated as a minor modification to 
the kinetic energy and Coulomb potential, methods based on density func-
tional theory fundamentally underestimate the impact of strongly correlated 
electron spins. Searching for the global minimum energy that aligns with the 
precise magnetic structure largely depends on the initial hypothesis of the 
magnetic structure and the consequential customization of the magnetic unit 
cell. Prior knowledge, combined with numerous attempts at non-prohibited 
magnetic structures candidates, will ultimately assist in identifying the most 
likely correct magnetic structure. Once the magnetic properties are captured, 
this can inform the subsequent process of applying the Hamiltonian with rea-
sonable model parameters, essential for computing correlation functions and 
structure factors.

3.3 Numerical methods for strongly correlated systems

The heart of this process, after using first-principles DFT computations as 
the starting point input, is in using strongly correlated numerical meth-
ods. Studying the ground state of an effective model Hamiltonian derived 
from DFT computations can uncover the low-energy physics in quantum 
magnetism. The spin interactions in the Hamiltonian are typically strongly 
correlated, which requires associated methods, such as exact diagonalization 
(ED) [121], variational Monte Carlo [122–124], and density matrix enor-
malization group (DMRG) [125], to simulate an accurate ground state of 
super-exchange electrons.

Since quantum Monte Carlo suffers from the severe ‘sign problem’ 
[126,127] at low temperatures and the possible system size can be limited 
in ED [128], we point out that DMRG can have an impact on the ultrafast 
study of quantum magnets. DMRG is an unbiased numerical method that is 
widely used for calculating quantum systems. The second generation DMRG 
[129–134] is based on the matrix product state (MPS) and matrix product 
operator (MPO), which for a given Hamiltonian, such as that defined in Equa-
tion (7), can precisely encode a MPO. This allows the algorithm to target the 
true ground state by minimizing the variational ground state energy.

Searching for this ground state of a given Hamiltonian can be costly due 
to the exponentially increasing Hilbert space with system size. DMRG is a 
one-dimensional (1D) algorithm, as initially proposed, but has been used to 
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Figure 5. The quasi-one-dimensional system is used for the DMRG calculations. (a) An example 
of a 4-leg ladder, with extension in the vertical direction. (b) For the computation to mimic the 2D 
condition, a cylinder geometry allows for a periodic boundary condition in one dimension.

simulate two-dimensional (2D) systems. This is possible by numbering each 
site of an interacting spin in real space into a sequence so that some of the 
nearest neighbor spins in real 2D become long-range pairs in the sequence. 
The approximation is inevitable in DMRG because it prioritizes short-range 
entanglement. However, the long-range entanglement, if not dominant, can 
also be truncated to minimize the computational cost. Therefore, DMRG 
always utilizes a cylinder geometry (as shown in Figure 5) with periodic 
boundary conditions in one direction to approximate a 2D system so that the 
nearest neighbor sites will not be separated by a large distance when trans-
forming to the numbered sequence. The realistic 2D system is approached by 
expanding the cylinder width.

Considering conserved quantum numbers can further reduce the compu-
tational cost when approaching larger cylinders with higher accuracy. The 
constraints rule out unwanted states, such as violation of particle number 
conservation, so that one can search the variational ground state in a sub-
space faster. The ground state properties of quantum materials can suffer from 
finite-size effects, low computational accuracy, or both, so it is highly non-
trivial to push the limit of large-scale DMRG calculations to achieve higher 
accuracy with large system sizes. Further speedup is possible through parallel 
computing.
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Moreover, the dynamical density matrix renormalization group
(D-DMRG) [135] is a variational method for calculating the zero-
temperature dynamical properties in 1D and quasi-1D quantum many-body 
systems. Typically, it is given by a dynamical correlation function, defined as 

GX(𝜔 + i𝜂) = – 1
𝜋⟨𝜓0| ̂X† 1

E0 + 𝜔 + i𝜂 – H
̂X|𝜓0⟩ (11)

where, |𝜓0⟩ is the ground state and ̂X is a quantum operator. However, 
consider WX,𝜂(𝜔, 𝜓) substantively with the formula 

WX,𝜂(𝜔, 𝜓) = ⟨𝜓|(E0 + 𝜔 – H)2+𝜂2|𝜓⟩ + 𝜂⟨X|𝜓⟩ + 𝜂⟨𝜓|X⟩ (12)

where |X⟩ = ̂X|𝜓0⟩. Then minimizing WX,𝜂(𝜔, 𝜓) yields the imaginary part
of the dynamical correlation function for 𝜂 → 0, i.e., IX(𝜔 + i𝜂) = Im GX(𝜔 +
i𝜂) = –WX,𝜂(𝜔, 𝜓min)/𝜋𝜂. The variational problem for solving |𝜓min⟩ is 
achievable with the standard DMRG.

The zero-temperature time-dependent correlation function, defined as 
GX(t ≥ 0) = ⟨𝜓0| ̂X(t) ̂X(0)|𝜓0⟩, is solvable through the Laplace transform 
of a spectral function GX(𝜔 + i𝜂), or using ED together with time-dependent 
DMRG [136]. Comparing the calculated results through the numerical tech-
niques discussed here with real experimental data, can help confirm or 
further modify the microscopic model provided by first-principles DFT cal-
culations, thus cross-validating the reliability of the results from multiple 
dimensions and improving our comprehension about real physics in the 
system. Significantly, this type of modeling of magnetic systems has fresh po-
tential for original contributions in further understanding the results using 
the experimental X-FEL methods described here for the ultrafast regime.

4 Machine learning

In this section, we choose a few instances to review where machine learning 
(ML) models have been used to aid in the development of the experi-
mental capabilities discussed in this paper. These are in photon detection, 
learning Hamiltonian parameters, and in experimental steering of advanced 
experiments, each outlined below.

4.1 Photon detection

One common problem in ultrafast x-ray methods is in single photon detec-
tion, where photon detection algorithms can be useful in diffuse scattering 
for large momenta values (Section 2.3), or in XPFS (Section 2.2). For this, 
a number of droplet algorithms have been developed which can determine 
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the photon distribution in the single-photon limit [137–139]. ML algorithms 
have been designed which have been shown to perform better than any 
droplet algorithm developed so far. An example is a convolutional neural net-
work (CNN) with an U-Net architecture, which can be trained to photonize 
raw input speckle patterns for instance, and extract important information 
under significant levels of electron cloud smearing [106]. For detectors which 
have small pixels, the smearing can become insurmountable. For instance, not 
only is the limit of sparse detection possible, in this case down to the level of 
1% coverage of photons per pixel, but the CNN is also able to handle bright 
speckle patterns as well. This is an important example of ML-capabilities 
which push current limits, as when the electron clouds from the droplets start 
to coalesce, the traditional droplet algorithm breaks down and is not able to 
handle the photon density on the detector due to the merging of the electron 
clouds.

Moreover, it was shown that with this particular algorithm, which uses a re-
gression based ML-approach in which the discrete number of photon counts 
can be estimated as a continuous value [106], the contrast information could 
be extracted from regimes which are not possible using direct droplet detec-
tion. Another route is to use a CNN to obtain discrete photon maps from 
our procedure, which is then used to extract the contrast. For this method, 
the photon assignments are classified into different discrete groups via op-
timization with the categorical cross-entropy loss function. This predictive 
classification may provide a better solution to related tasks or functionality 
with this approach. This topic is beyond the scope of this paper, but is an area 
of ongoing research.

4.2 Hamiltonian parameter learning and spectra analysis

Another growing area of ML models for scattering experiments and mag-
netism is in the learning of Hamiltonian parameters from experimental 
measurements for systems which can be modeled by magnetic spin Hamil-
tonians. Autoencoder-based machine learning models have been utilized to 
analyze static structure factors S(q) measured with neutron scattering on the 
spin ice system Dy2Ti2O7 for instance, to extract their model parameters 
[140–142]. The autoencoder-based method was later extended to extract the 
dynamical structure factor S(q, 𝜔) for 𝛼-RuCl3 [143].

However, a prime example of combining ML with theory and experiment 
is the following. Mainly used in computational photography, neural implicit 
representations have been applied to spectroscopy experiments and were 
used to interpret the dynamical structure factor S(q, 𝜔) of a square-lattice 
spin-1 antiferromagnet La2NiO4 [144]. A ML-model has been constructed to 
train on many spin-wave spectra to learn how to predict spectra for a given 
Hamiltonian model based on input energy-momentum coordinates (q, 𝜔)
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and Hamiltonian parameters (J , Jp). The trained ML-model was then utilized 
to extract Hamiltonian parameters from measured spectra. This was validated 
by comparing to inelastic neutron scattering data [145] and confirming this 
ML approach experimentally in the presence of background and noise. This 
is an example of how all three compoments, theory, ML, and experiments can 
be combineed to make progress in this area. We note that ultrafast does not 
have meaning in neutron scattering at present, but methods such as XPFS 
are closely related and can be thought of as an x-ray version of high resolu-
tion spectroscopy by studying ultrafast fluctuations. This ML approach can 
impact this, as well as the other ultrafast methods, outlined here.

Apart from parameter learning, ML models have further been useful in 
other spectra analysis tasks. For example, convolutional neural networks 
(CNN) have been applied to identify what spin model type yields a given spec-
tra, where a variational autoencoder (VAE) can be applied to remove noise 
or enhance physical signals [146]. This ML-assisted denoising idea is further 
developed with a more advanced ML model originally invented for image-
to-image translation, dual contrastive learning GAN (DCLGAN) [147], to 
bridge noisy experimental images and clean simulated images [148].

4.3 Experimental steering

The last area we want to introduce here, which can be bolstered in ultrafast 
X-ray magnetism, is in the use of ML-augmented experimental steering. The 
sequential Bayesian experimental design for instance makes use of previously 
measured information to guide subsequent measurements [149–151], which 
has achieved success in various types of experiments [152–154]. In particular, 
this method is important for large-scale X-FEL facilities, where data can be 
collected and fed into the model to make the best guess for deciding which 
measurements to make for an experiment. At the least, this will allow one to 
measure the most important data points in a large space of experimental set-
tings, which can be used to choose the next data collection point that provides 
maximized information gain, effectively steering the data collection process. 
The applications of Bayesian design methods to complex spin systems are still 
limited given expensive forward calculations for spin model Hamiltonians. 
ML methods such as neural networks can be trained to serve as a surrogate 
model of the original model prior to experiments, allowing for rapid and scal-
able forward model computations required in such Bayesian design methods 
during collecting experimental data. This has been shown to work in steering 
simulated XPFS measurements for spin excitations in 2D van der Waals mag-
nets [155], which enables real-time model parameter estimations and physics 
model-informed experimental planning for maximized beam time efficiency.
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5 Outlook

5.1 Scientific prospects

With the ultrafast experimental methods outlined here, the prospects for new 
routes towards understanding magnetism are numerous. The energy probed 
with THz excitation enables a variety of low-energy states to be excited and 
probed directly, especially with resonant x-ray scattering. This precision for 
capturing emergence and collective excitations will be particular useful for 
systems that exhibit strong correlation, such as in Mott-physics, unconven-
tional or topological superconductivity, or complex magnetic textures, such 
as chiral phases, magnetic nematics, or skyrmions phases. By new develop-
ments with the pulse structure used at X-FELs, x-ray scattering can be used 
to study spontaneous fluctuations in the natural ground state of magnetic 
and ‘magnetic-like’ systems. This opens wide a new era of ground state fluc-
tuations and offers the ability to directly compare to theoretical modeling 
of exchange parameters for instance. Finally, diffuse scattering on ultrafast 
timescales can also offer new features for the field of magnetism by extending 
the studies to short range ordered structures, especially in systems that host a 
large degree of magnetic frustration, or those with short correlation lengths, 
such as in low-dimensional spin chains, spin-glasses, or quantum spin liquids. 
To maximize the potential of these techniques for the future, we discuss in 
the following special modes of ultrafast x-ray experiments. We conclude this 
future outlook with a description about novel instrumentation, and current 
instruments presently being constructed at the LCLS-II.

5.2 Special accelerator modes

Generating different x-ray pulse separation times for performing probe-probe 
such as XPFS, or x-ray pump / x-ray probe studies as mentioned earlier, is im-
portant for executing the ultrafast methods outlined in this paper. This can 
be accomplished by either optics or special pulse modes developed at the ac-
celerator. Though a large effort has been put into the use of x-ray optics for 
this task and research progress is tremendous [74], here we outline the two 
most valuable modes in the soft x-ray regime which will be important for the 
scientific outlook in ultrafast magnetism.

5.2.1 Fresh-slice x-ray pairs
The fresh-slice scheme [156] can produce pairs of high-power femtosecond 
x-ray pulses, with simple control of their wavelength and delay. The scheme 
is based on controlling which temporal slice of an electron bunch lases in a 
section of the undulator line. This is typically achieved by tilting the electron 
bunch and subsequently controlling the bunch trajectory. Lasing slices can be 
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Figure 6. Two-pulse correlation using the ‘two-bucket’ X-FEL mode. The pulse energy of each 
pulse is shown, one pulse for each radio frequency bucket of the accelerator. The first pulse, col-
ored in green, is plotted negative for added clarity. The two peaks are aligned at the same energy, 
showing they have the same color wavelength and can arbitrarily be delayed by integer radio 
frequency bucket values of 350 ps each.

a couple of femtosecond short, and wavelengths are controlled by the undula-
tor strength in each section, enabling color separation ranging from being at 
the same wavelength to larger than a factor 2. The maximum delay depends 
on the strength of an intra-undulator line magnetic chicane. Practically, the 
scheme has been demonstrated for delays up to 1 picosecond. Temporal co-
incidence, or exchanging the arrival time of the two pulses, is possible if the 
slice on the tail is set to lase in the upstream undulator section.

5.2.2 Two-bunch x-ray pairs
For longer delays, ranging from hundreds of picoseconds to hundreds of 
nanoseconds, two separate electron bunches are extracted at the cathode, 
accelerated and compressed in the linear accelerator and lase in the undu-
lator line [93]. The unitary time separation depends on the accelerator RF 
frequency; for the LCLS S-Band linac, it is close to 350 picoseconds. Perfor-
mance for each bunch can be similar to that of a regular, single bunch SASE 
pulse. Typically, the two-bucket scheme is set up to have both pulses lasing 
at the same wavelength, but a small color separation is achievable by having 
the two electron bunches at slightly different energies. For instance, Figure 6 
shows the pulse energy of each pulse in a dispersive location of the acceler-
ator, with a positive correlation. This can be used to adjust the color of each 
pulse to have the same wavelength as well as equal pulse energies.
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5.3 State-of-the-art instrumentation

Currently, new instruments around the world are being developed to take 
full advantage of these ultrafast X-ray scattering techniques in the area of 
magnetism. For instance, at the SwissFEL, the XFEL facility of the Paul 
Scherrer Institute in Switzerland, the newly commissioned soft X-ray Furka 
endstation is capable of resonant elastic and inelastic X-ray scattering ex-
periments with the inclusion of THz-pump for time-resolved studies from 
400–1900 eV  [157]. It is complemented by the Bernina endstation, which 
possesses similar experimental capabilities at hard X-ray energies (2,000-
13,000 eV)  [158]. For example, these instruments have been applied to study 
spin-lattice interactions of electromagnons  [159] and quenched lattice fluc-
tuations in optically-driven SrTiO3  [160]. At the Bernina instrument, the 
high-field THz and resonant diffraction cryo-chamber is capable of cooling 
the sample environment down to 5 K. The availability of in-situ liquid He 
cryo-coolers in the latest generation of X-FEL endstations is crucial for study-
ing magnetic phases in their ground states without the disturbance of thermal 
excitations.

In addition, high-repetition rate machines such as the European X-FEL 
[161] are already taking full advantage of the latest generation of instruments 
which can host the necessary infrastructure and technology for using these 
types of methods. For instance, at the SLAC National Accelerator Laboratory, 
the new accelerator for the LCLS-II will soon provide up to nearly ~1 MHz 
repetition rate with an array of possible pumping schemes, including THz, 
with new instruments currently being designed, constructed, and commis-
sioned. Some efforts have been made to retrofit current x-ray instruments, as 
well as the development of full-scale instruments designed for the purpose 
of carrying out XPFS measurements in the soft x-ray regime for a variety of 
different geometries. We outline two such cases here. The first is the modifi-
cation of the so-called chemRIXS instrument, recently modified to carry out 
XPFS studies on materials, while the second is a future instrument currently 
under construction. 

5.3.1 The chemRIXS instrument for materials
As a first test case, we have developed a capability to take advantage of the re-
cent endstation developed as part of the LCLS-II suite of instruments focused 
on ultrafast chemical science, specifically in x-ray absorption spectroscopy 
and resonant inelastic x-ray scattering, the so-called ‘chemRIXS’ instrument. 
This is specifically focused on using liquid jet or liquid sheet jet systems for 
the study of ultrafast physics and chemistry experiments [162]. The spec-
trum of the molecules illuminated in the solvent can be optically excited and 
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Figure 7. The chemRIXS endstation with the enhancements designed for XPFS measurements 
on solids. The main sample chamber (left) houses the liquid jet system or solid material sample. 
The electromagnet is inserted perpendicular to the beam horizontally, while the detector and 
mask assembly (right) are placed in the forward scattering direction for transmission geometry 
measurements. All dark blue color-coding designate components that were designed for the thin 
film, ultrafast magnetism experiments.

the chemical structure evolution can be followed on the time-scale of these 
chemical changes [163].

While not designed for solid material samples, some instrumentation en-
hancements were made such that first XPFS experiments could be performed 
on the newly designed beamline. This was carried out on thin film magnets 
by designing and fabricating a solid sample holder to replace the liquid jet, a 
mounted CCD detector, together with a detector mask, and a manipulator to 
control the placement of an electromagnet. The mask was used to limit the 
area of illumination on the detector chip to enable higher speed readout [79]. 
This feature can be adjusted, i.e. to collect a larger fraction of the speckle pat-
tern and a slower rate, depending on the experimental system. The detector 
was placed in a forward scattering geometry, compatible with the chemRIXS 
set-up. This detector scheme implemented for this set of experiments has been 
described in detail elsewhere as a prototype XPFS instrument [72], but was 
here used in conjunction with the liquid jet endstation. An overview of this 
set-up in this configuration is shown in Figure 7. For a close-up view inside 
the system, a rendition of the chemRIXS setup from inside the chamber, em-
phasizing the cryostat and the electromagnetic for magnetic field dependent 
studies, is shown in Figure 8.



26  R. PLUMLEY ET AL.

Figure 8. The chemRIXS instrument close-up view inside the sample chamber. This chamber was 
modified to house an electromagnet and cryostat sample holder to perform XPFS studies on 
solids.

5.3.2 Future capabilities
Looking forward to future capabilities, LCLS-II beamlines are already in 
use with new instruments on the horizon. For THz pump/ magnetic scat-
tering probe studies or ultrafast magnetic diffuse x-ray scattering for in-
stance, the latest capability will occur with the commissioning of the qRIXS
instrument.

The qRIXS instrument hosts a sample chamber and a rotatable spectrom-
eter consisting of grating and high-speed 2D detector covering the range of 
scattering angles from 40–150 degrees in the horizontal scattering geometry. 
The spectrometer is designed to achieve an energy resolution of ~35 meV at 
1 keV. The sample chamber is designed to support elastic soft x-ray diffrac-
tion. The chamber is equipped with an in-vacuum diffractometer with a 6-axis 
degree of freedom of motion. Sample cooling down to about 25 K will be 
possible with the cryogenic sample installation. The ability to introduce over-
sized optics for long-wavelength THz beams, will be accommodated in the 
near future [46,61,64].

In addition, we are developing another capability to be able to carry out 
XPFS measurements in the soft x-ray regime as well (see Figure 9). The focal 
point of this instrument will be the in-vacuum, long distance, and movable 
detector motion. This will incorporate the ‘ePixM’ series designed at Stanford 
University and SLAC National Laboratory. This will be a large, pixelated de-
tector that can count single photons down to the carbon edge (~285 eV) and 
will operate at the full repetition rate of the new, superconducting accelera-
tor, at 929 kHz. The instrument, which is still under construction currently, 
will be capable of moving the detector about a limited scattering angle range 
while in UHV conditions, with the use of precision laser trackers. It will be 
housed in a small vacuum chamber and stand with air bearings for chamber 
motion. An advanced laser tracker system will place the detector coordinates 
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Figure 9. XPFS instrument. The image shows a rendition of the XPFS chamber housing the fast, 
pixelated detector, on its own movable stand. The scattering path is evacuated at UHV conditions 
after precision alignment. The whole apparatus mounts to the qRIXS sample chamber, and is part 
of the NEH 2.2 instrument at the LCLS-II, shown here installed on the beamline. The instrument is 
still currently under construction.

in the correct geometry at a sample-to-detector distance of about 3 m. Once 
aligned, a scattering path length drift tube will be attached from the sample 
chamber, using a rotary seal, to the detector chamber. It will be evacuated to 
UHV conditions to accommodate soft x-ray scattering in the area of quantum 
materials. Once complete, this will offer the potential for first XPFS measure-
ments with soft x-rays at an arbitrary scattering angle, important for a myriad 
of quantum materials and other types of studies on solids.

6 Conclusion

In conclusion, with the latest developments at XFEL sources, studies in ultra-
fast magnetism are ripe for a renewed focus across many areas of research. We 
have targeted three new areas that are continued to be developed and will help 
to capitalize on fresh capabilities to spur magnetic studies in both equilibrium 
and non-equilibrium investigations. Combining these advanced methods 
with the latest progress in condensed matter theory and machine learning, the 
synergy and progress capable in the future for ultrafast magnetism is bright.
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Appendix A. Experimental methods

1 Single crystal Nd1-xSr1+xMnO4 for x = 2/3

The experiment discussed in Sec. 2.1 on Nd1–xSr1+xMnO4 for x = 2/3 was a 
single crystal grown by the floating-zone method [164] and polished along the 
(110) direction. Complementary measurements of optical conductivity [165], 
800 nm pump-probe measurements with soft x-ray resonant probe [60], and 
time-resolved optical reflectivity measurements [60] have previously been 
carried out. A high-power Ti:sapphire-based laser (1.55 eV) with a 50-fs pulse 
duration and 120-Hz repetition rate which was split and cross-polarized for 
the pump pulses, which gives a temporal resolution of about 75 fs [166]. THz 
generation was produced through non-linear rectification using an ionic or-
ganic crystal 4-N-methylstilbazolium tosylate (DAST) [167] to generate field 
strengths in excess of 300 kV/cm [168] (See Figure 2a). By cooling the sample 
with a liquid He cryostat in UHV [64, 169], the crystal could be studied below 
the Néel temperature of 90 K [60].

2 Multilayered FeGd

The experiments on multilayered FeGd described in Sec. 2.2 were taken using 
the XPFS prototype instrument [72] in a forward scattering geometry of the 
new chemRIXS endstation designed for the next-generation X-FEL LCLS-II. 
The image was collected at the L3–edge resonance for Fe of ∼eV by tuning 
the X-FEL electon energy ahd following it with the monochromator.

The sample measured is a multilayer with 100 repetitions of alternating Fe 
(0.34 nm) and Gd (0.4 nm) layers grown by dc magnetron sputtering. This 
system can be adjusted in total thickness to optimize the scattering intensity 
and the alloy composition can be tuned to produce different phases. They 
were deposited on 50 nm Si3N4 membranes and were measured in a forward 
scattering geometry. The samples were precharacterized at a coherent soft x-
ray beam line at the Advanced Light Source [170].

3 Thin film CuMn

The experiments on thin film CuMn in Sec. 2.3 were taken using the XPFS 
prototype instrument [72] in a forward scattering geometry of the SXR instru-
ment at the LCLS [63, 65]. The image was collected at the L3–edge resonance 
for Mn of ∼eV [171]. The bandwidth was about ∼eV [172] with a large spot 
size of 150 𝜇m to avoid beam damage [173, 174]. The detector was placed 
1.016 m away from the sample. Different thicknesses of aluminum filters were 
also used to vary the pulse energy, which was on about the scale of 1 × 10–4mJ 
per pulse on average after the monochromator [175]. The pulse duration was 
about 100fs and was delivered at 120Hz repetition rate. The image in Figure 4c 
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Figure A1. This is the first result given by the XPFS setup installed at the chemRIXS instrument. 
By stitching together many images, the phase of the FeGd system could be identified to be at the 
stripe-skrymion phase boundary.

shows spin-glass speckle using a 500 × 500 pixel image. The full detector is 
off-center of the peak to capture optimal diffuse scattering.

Appendix B. First results from XPFS at the chemRIXS instrument

This appendix describes the first results obtained from the XPFS prototype 
instrument implemented at the chemRIXS beamline of the LCLS-II. The 
chemRIXS instrument was designed for ultrafast spectroscopy of a liquid 
chemistry environment, and hence provided no opportunities for an ex-
periment in magnetism (see Section 5.3.2) which motivated the design and 
realization of this system.

In order to compile the complete magnetic scattering distribution, the de-
tector must span the full regions of reciprocal space in order to identify the 
phase. Because this system can have 2-fold symmetry, 6-fold symmetry, or 
a full continuous disordered ring, a large region of reciprocal space must 
be explored. We performed the stitching using a pairwise phase correlation 
in sequence. The position of the detector was not encoded, so this was ac-
complished by first finding the relative shift between detector images, then 
summing images with the same position. The next step is that this is normal-
ized by a weighting matrix calculated from the overlapping areas. The image 
presented here was the result of stitching 643 images, which was enough to 
conclude the phase of the sample for the measurement. 
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