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Diffraction and spectroscopy are 
the most common methods 
in condensed-matter physics 

research, but they provide information 
in the reciprocal space. Going back 
to real space and real time, where our 
own senses and intuition function, is a 
challenge that we are currently addressing 
through different microscopy and time-
resolved methods. Whereas atomic and 
femtosecond resolutions have been available 
for a long time, their combination is not 
straightforward. In addition, the physics of 
materials is ruled by the position of atoms 
and the distribution of charges and spins 
around them, and these three observables 
have very different cross-sections and 
interaction mechanisms when studied 
with probes such as photons of different 
wavelengths, electrons, positrons, muons 
or neutrons. Studying magnetism — 
originating from the concerted alignment 
and motion of spins — using real-space and 
real-time techniques currently poses one 
of the toughest experimental challenges. 
Neutrons can induce and probe spin 
excitations in solids, delivering a small 
amount of energy (fractions of nW per cm2) 
to the system. Furthermore, they do not 
interact with charges as they are electrically 
neutral. However, they have a very low flux 
and are very difficult to pulse at the ultrafast 
timescale. Alternatively, resonant inelastic 
X-ray scattering (RIXS) offers sensitivity to 
magnetic moments, enabling the creation 
and probing of spin excitations in solids. 
Dean and co-workers1 report the first 
implementation of femtosecond-resolved 
RIXS experiments, enabled by the novel 
X-ray free-electron laser (XFEL) technology, 
and use it to disentangle the dynamical 
evolution of the spin–spin correlations in the 
different crystallographic directions of the 
anisotropic magnet Sr2IrO4.

Complex oxides have a rich phase 
diagram originating from the subtle 
interplay between ionic, charge and spin 
degrees of freedom. In Sr2IrO4, spins can 
arrange in anisotropic patterns (Fig. 1a) 
and their concerted motion gives rise to 
quantized collective modes, magnons, 

which typically have frequencies in the 
(10–100) THz. A gedanken experiment to 
study the spin, or the electronic or structural 
dynamics would be to film the single spins, 
charges or ions and their motion with 
atomic and femtosecond resolution at a 
prohibitive 1014 Hz video-rate. Stroboscopy 
can be used to ‘freeze’ a fast-moving object 
and take snapshots of its position in time. 
This is implemented via the pump–probe 
method that uses a pump to clock the 
observable. Often, the intensity of the 

pump required to induce sizeable effects 
drives the system in the non-linear regime, 
where out-of-equilibrium phenomena 
such as light-induced symmetry breaking 
and photo-excited metastable states can 
be observed. Conversely, the linear regime 
can be approached using a low flux of 
pump photons, recovering information 
on the material’s ground state. Dean and 
collaborators1 demonstrate a novel pump–
probe technique that combines ultrafast 
visible light and femtosecond X-ray pulses 
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A glimpse of spin motion
Ultrashort pulses of X-rays from a free-electron laser capture the spatiotemporal evolution of spins in the different 
crystallographic directions of a complex magnetic material.
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Figure 1 | Structure of Sr2IrO4 and schematics of the measuring process. a, In Sr2IrO4, oxygen atoms form 
octahedral cages (shown in green) enclosing one iridium atom (yellow) whose magnetic moment is 
represented by a red arrow. The structure determines the spin–spin interaction and an in-plane/out-of-
plane anisotropy arises. b, An infrared pulse promotes a carrier across the Mott gap (green arrows) and 
melts the magnetic order. The lower Hubbard band (LHB) and upper Hubbard band (UHB) originate from 
splitting of the conduction band due to Coulomb repulsions. An X-ray probe pulse (red arrows) promotes 
an electron from the 2p to the 5d level. The strong spin–orbit coupling of the core hole induces a spin flip 
in the valence band. Upon recombination of the core hole, a photon is emitted (orange arrows) whose 
energy and momentum carry information about the magnetic excitation. The X-ray emission provides the 
characteristic energies (or precession times) and spatial profile of the spin waves. By varying the delay 
between the infrared and the X-rays, the spatiotemporal evolution of the spin waves was mapped during 
the restoration of the magnetic order. ħωpump, incoming infrared photon energy; ħωprobe, incoming X-ray 
photon energy; ħωout, outgoing X-ray photon energy. 
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from a XFEL (Fig. 1b). They target the 
dynamics of spin correlations in Sr2IrO4 after 
melting the magnetic order with a strong 
(up to 13.8 mJ per cm2) light pulse (Fig. 1b, 
green arrows) tuned to the material’s 
bandgap. The probing femtosecond X-ray 
pulses (Fig. 1b, red arrows) induce the 
Raman emission of photons (Fig. 1b, orange 
arrows) and the momentum and energy of 
these photons provide access to the spatial 
periodicity and frequency, or precession 
period, of spin excitations. Ultrafast RIXS 
directly shows that, across the magnetic 
phase transition, the in-plane spin 
correlations are restored on a much faster 
timescale than the out-of plane correlations.

The full potential and limitation of this 
elegant technique will take some time to 
unfold. For instance, the optical absorption 
of Sr2IrO4 was previously well characterized, 
yet, for example, when doping Mott 
insulators — which contrary to band theory 
predictions are insulators due to the electron 
interactions — several exotic ground states 
can emerge, for which the assignment of 
the different spectroscopic features can 
be model-dependent. In these situations, 
other approaches such as phonon or 
magnon pumping via THz radiation will be 
beneficial2,3. Alternatively, X-rays themselves 
can be used as a pump to create an orbitally 
selective and well-defined excitation even 
in materials whose low-energy optical 

absorption is not fully understood. For 
example, in cuprates carriers may be photo-
doped in-plane via the 1s to 2p transition 
of oxygen.

Dean and collaborators1 demonstrated 
a technique to study systems out of 
equilibrium, but how far are we from the 
gedanken experiment discussed above? 
Firstly, femtosecond RIXS enables the 
real-time spin dynamics to be probed in the 
reciprocal space. A femtosecond real-time/
real-space technique, based for instance 
on time-resolved Lorentz microscopy, 
which so far has been demonstrated with 
nanosecond resolution4, is even more 
challenging. Secondly, using a weak pump 
to approach the linear regime, it is possible 
to drive coherent electronic, structural 
or magnetic excitations via the impulsive 
stimulated Raman scattering mechanism5, 
enabling their observation via stroboscopic 
methods. To film charges and their 
interplay with magnetism, one could trigger 
coherent oscillations in superconducting 
condensates6 (tens of meV) and probe, 
via RIXS, their impact on the magnetic 
resonances (hundreds of meV) in cuprate 
superconductors. Filming coherent spin 
waves (hundreds of meV) would require 
a time resolution of a few femtoseconds. 
Besides time resolution, key to observing 
similar coherent phenomena with direct 
probes will be improving the signal-to-noise 

ratio. Currently, changes on the order of a 
few percent can be observed, requiring a 
photoexcitation that massively perturbs the 
ground state. Lastly, the clocking excitation 
should also have a well-defined effect on 
the observable. Ideally, one would like to 
selectively tickle the lattice or the charges 
via light excitation at selected energies, 
or act on the spin system alone via pure 
femtosecond magnetic field pulses with a 
small associated energy. Reaching these 
excitation conditions will require some 
creativity in the photoexcitation mechanism, 
for example, coupling light into crystals via 
nanopatterned surfaces. ❐
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