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Nanoscale polarization transient gratings
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Light manipulation at the nanoscale is essential both for fundamental science
and modern technology. The quest to shorter lengthscales, however, requires
the use of light wavelengths beyond the visible. In particular, in the extreme
ultraviolet regime thesemanipulation capabilities are hampered by the lack of
efficient optics, especially for polarization control. Here, we present a method
to create periodic, polarization modulations at the nanoscale using a tailored
configuration of the FERMI free electron laser and demonstrate its capabilities
by comparing the dynamics induced by this polarization transient gratingwith
those driven by a conventional intensity grating on a thin ferrimagnetic alloy.
While the intensity grating signal is dominated by the thermoelastic response,
the polarization grating excitation minimizes it, uncovering helicity-
dependent responses previously undetected. We anticipate nanoscale polar-
ization transient gratings to become useful for the study of physical, chemical
and biological systems possessing chiral symmetry.

Manipulating light at the nanoscale is a major challenge for modern
science, with the potential to unveil fundamental aspects of
light–matter interactions and to enable advances in key technologies
such as light harvesting, imaging, biosensing, or catalysis. In the visible
range, nanoscale control of radiation properties such as intensity and
phase is often achieved via artificial structures with dimensions com-
parable to or shorter than the wavelength, such as metasurfaces,
photonic crystals, and plasmonic nanostructures1–3. Instead, nanoscale
control of light polarization remains particularly challenging. Spatially

variable inhomogeneous vector beams can be generated, for instance,
by using specially designed metasurfaces4, but a straightforward
approach at shortwavelengths, i.e. in the extremeultraviolet and X-ray
regime, is yet to be found.

The use of EUV and X-ray radiation in a transient grating (TG)
scheme provides an alternative way to control electromagnetic fields
at the nanoscale. In fact, the brightness of EUV free electron laser (FEL)
pulses allows to efficiently generate sinusoidal patterns of light
intensity with spatial periodicity in the 10–100 nm range5,6, without
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requiring any physical modification of the sample. This EUV TG exci-
tation is then capable of driving ultrafast nanoscale dynamics in a
controlled way, and it has recently proven to be an effective tool for
investigating the thermal and mechanical properties of matter in a
length-scale range previously inaccessible7,8. Additionally, the access
to core resonances provides unprecedented insights into the electro-
nic and magnetic dynamics at such a lengthscale9,10.

In a TG experiment, two pulses of the same wavelength λex and
intensity I0, overlapped in time and space and at a given crossing angle
2θ at the sample, generate a transient interference pattern along the
transverse plane (x, y), as defined in Fig. 1a and b. If the two excitation
beams are parallel-polarized (PP), as in panel a, the intensity at the
sample is fully modulated and given by Iex = 2I0ð1 + cosqxÞ, where q is
the TG wavevector. The spatial periodicity is given by
ΛTG = λex=2 sinðθÞ=2π=q, while the polarization remains uniform.
Instead, when the two beams are orthogonal-polarized (OP), the
polarization is modulated with the same periodicity ΛTG, ranging from
circular left to circular right, while the intensity remains uniform11–14, as
depicted in Fig. 1b. Therefore, EUV polarization TGs enable the gen-
eration of spatial modulations of light polarization with values of ΛTG

comparable to those of λex ≈ 10−100 nm.
If the periodic excitation modulates the EUV complex refractive

index n = 1−δ + iβ at thewavelength of the probe λpr, both intensity and
polarization gratings can be revealed by the diffraction at an angle θsig
of an EUV probe beam incident at the angle θpr, as shown in Fig. 1b and
c. Thediffraction intensity as a functionof the arrival timedifferenceΔt
between the probe and the TG excitation encodes information on the
sample dynamics. Typically, the interaction ofmatter with an intensity
TG excitation in the EUV range is dominated by absorption and after
≈100 fs, the periodically photoexcited electrons transfer their energy
to the lattice via electron-phonon coupling, leading to a temperature
grating7. The formation of the temperature modulation is usually fol-
lowed by a thermal time- and space-dependent density modulation

Δρ(x, Δt) between the excited and unexcited areas. Similarly, magnetic
samples sustain a periodic ultrafast demagnetization ΔM x,Δtð Þ9 in
correspondence to the hot photoexcited areas. Both these thermal
effects induce the periodic variation of the refractive index Δn(x, Δt)
that is required for diffraction to occur. We note that the density
modulation is visible at any λpr, since (δ, β)∝ ρ, whereas λpr needs to be
resonant with a dichroic absorption edge in order to observe the
effects of the magnetization9,10. Note that the figure neglects the
ultrafast, sub-ps, electronic contribution to Δn since the whole dis-
cussion concentrates on the ps dynamics.

Additionally, an intensity grating is associated with a surface dis-
placement, uzðx,ΔtÞ=uz ðΔtÞð1 + cosqxÞ=2 (see the yellow area in
Fig. 1c), also resulting from thermal expansion, which leads to dif-
fraction of the probe via interference of photons with different path
lengths. In backward diffraction, the contribution of surface dis-
placement typically dominates and vanishes only in the absence of a
temperature grating, while the effects of Δn are accessed via the
modulation in the EUV reflectivity7,8.

The response to an EUV polarization TG depends on the dichroic
correction to the refractive index n± = (1−δ ±Δδ) + i(β ±Δβ) at the
excitationwavelength,where the sign + (−) refers to circular right (left)
light. Since the excitation intensity is uniform, the temperature mod-
ulation depends only on the dichroic absorption Δβ and thereby also
the magnitude of surface displacement u?

zðx,ΔtÞ, bulk density mod-
ulations Δρ⋆(x, Δt) or thermally-driven ultrafast demagnetization,
which could even be fully suppressed for Δβ =0, i.e. in the absence of
dichroic absorption. This is exemplarily schematized by a smaller
yellow area in Fig. 1d. Nevertheless, the polarization grating can still
modulate the refractive index, provided that the sample shows a chiral
response in its real part Δδ. In other words, a polarization grating can
be used to reduce or suppress thermal contributions to Δn(x, Δt) and
to enhance, or isolate, other helicity-dependent light-matter
couplings.

In this work, we demonstrate the potential of polarization tran-
sient gratings by comparing the dynamics induced on a ferrimagnetic
alloy with those driven by the conventional intensity grating excita-
tion. Indeed, while the intensity TG signal is dominated by the ther-
moelastic response of the sample, polarization TG excitation
minimizes it, uncovering helicity-dependent dynamics previously
hidden. This unique capability can be broadly applied to reveal
helicity-dependent dynamics at the nanoscale and with ultrafast time
resolution in any system possessing chiral symmetry.

Results
Practically, however, realizing EUV polarization gratings is not a trivial
endeavor. Indeed, efficient generation and probing of EUV TGs
requires crossing three FELbeamsat afinite angle at the sample, oneof
whichneeds to be variably delayed. As discussed in detail elsewhere8,15,
the highest TG efficiency through the whole EUV spectrum is ensured
by using exclusively reflective optics while minimizing the intensity
ratio between the two pump beams. This idea is at the basis of the
TIMER instrument at the FERMI FEL (Trieste, Italy), which was used in
this experiment and is shown in Fig. 2a. The probe beam is split from
the FEL output geometrically by reflecting vertically off a planarmirror
(PM1) before entering the mulilayer-based delay line16. Similarly, the
two pump beams are usually split horizontally with a second planar
mirror (PM2), the reflectivity of which controls the intensity balance
between the pump beams and, thus, the TG contrast. In this context,
the excitation of a polarization grating requires independently con-
trolling the polarization of each excitation pulse. Polarization control
after the EUV source has been demonstrated using phase retardation
upon reflection off metallic mirrors17 with the generation of circular-
polarized beams from a linear-polarized source. An analogous
approach could, in principle, be used to transform from circular to
linear polarization. Thus, by placing such a mirror-based system along

Fig. 1 | Intensity vs polarization grating excitation. a PP beams generate an
intensity grating with period ΛTG and constant polarization. bOPbeams generate a
modulated polarization with the same periodicity and constant intensity.
c Diffraction from an intensity TG resulting from surface modulations uz and
refractive index variations. The first typically dominates the backward-diffracted
signal and the latter the forward diffraction. d Diffraction from a polarization TG,
where the thermal modulation depends on the dichroic absorption Δβ, reducing
u?
z . The signal can still originate from refractive index variations associatedwith the

chiral dispersion Δδ.
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each of the two pump beams and allowing one of these two systems to
rotate by 90° around the beam axis, one could generate both intensity
and polarization TGs starting from a circularly polarized pulse at the
FEL output. However, the degree of polarization and the overall
throughput of the system proposed in ref. 17, which vary strongly with
the wavelength, are limited respectively to 90% maximum and about
20% at the corresponding wavelength. This would result in an overall
decrease of the signal by almost two orders of magnitude and, more
importantly, a strong contamination of the signal by an intensity TG
background due to the low polarization contrast. Alternative schemes
based on multilayer mirrors working at the Brewster angle could
improve the polarization contrast, albeit largely narrowing the
instrument bandwidth and, therefore preventing spectroscopic
approaches based onOP beams.On the other hand, beampolarization
can be controlled at the EUV source18–26 but, to date, this did not allow
the simultaneous generation of multiple EUV pulses with different
polarization and direction. Instead, here we present a special config-
uration of the FERMI FEL, based on a split-undulator scheme that
permits to, simultaneously obtain a pair of EUV pulses with indepen-
dent linear polarization emitted along slightly different horizontal
directions. In standard FEL operation, the trajectory of the electron
beam in the undulator chain, consisting of six APPLE-II27 radiators, is
kept straight usingdipolemagnets.Here, the undulator chain of FERMI
FEL-128 is divided into two sections of three radiators each, and the
dipole magnets are used to steer the electron beam initially along a
slightly off-axis trajectory through the first section. Then, at the center
of the undulator chain, the beam is strongly kicked and steered along a
symmetrical off-axis trajectory through the second section29, as sche-
matically depicted in Fig. 2b. The first section is used to generate linear
vertical (LV) light while the emission of the second one is tuned either
to parallel (LV) or orthogonal (linear horizontal - LH) polarization30.
This allows to switch from PP to OP beamswithout changing any other
experimental parameter. Moreover, the symmetry with respect to the
undulator axis ensures that the two beams have a balanced relative
pulse energy, even partially compensating for the reflectivity of PM2.
In this scheme, PM2 is not used to split the pump beams as usual, but
only to deflect one of the two along its trajectory. Differently from the
common TIMER configuration, there are thus two separate beams
coming from the FEL source, which are both split vertically to generate
the probe (see Fig. 2c). Since the delay line transmits only LV polarized
light, the half-beam along the probe path that changes polarization is

blocked, to ensure that the probe intensity at the sample remains
constant in both the OP and PP beams configuration. In this split-
undulator scheme the FEL throughput is about 20% of the standard
configuration, thus with a similar efficiency to an eventual mirror-
based setup for controlling the polarization after the FEL source.
Nevertheless, the scheme retains the flexibility of the standard con-
figuration both in terms of wavelength tunability range and full
polarization control, including states in the Poincaré sphere that can-
not be achieved with mirrors, such as elliptical polarization. Further
details on the accelerator setup are provided in Section 1 of the Sup-
plementary Information.

To demonstrate experimentally the generation of a polarization
TG with a ΛTG = 43.6 nm period (2θ = 27.6°), the FEL is tuned at an
operating wavelength of 20.8 nm to probe resonantly and in backward
diffraction at the CoM-edge in a ferrimagnetic CoGd alloy thin film. At
the same resonant energy but in forward diffraction, Ksenzov et al.9

have previously observed a strong TG signal in this material. The
intensity of this signal, for Δt larger than hundreds of fs, is mainly
determined by the thermal magnetization modulation
ΔMðx,ΔtÞ / ΔMðΔtÞð1 + cosqxÞ=2. The signal depends linearly on the
induced temperature difference and exhibits a clear non-sinusoidal
time-dependence with a few ps rise and sub-100ps decay time,
reproduced also in other magnetic compounds using polarization
analysis of the signal10. Furthermore, TG signal decay strongly depends
on ΛTG, indicating lateral thermal transport (i.e. along the grating
wavevector) as responsible for the signal decay. In backward diffrac-
tion, the magnetization modulation at the film surface could lead to a
modulation of the EUV reflectivity and thus to a signal of a magnetic
nature, but the uz(x, Δt) contribution is expected to be dominant,
according to previous results31 and considering the usually large
thermal expansion coefficients of metallic films. The exact temporal
evolution of the surface-induced signal is generally unknown a priori.
Nevertheless, in these nm-thick layered samples on a bulk substrate
the response typically consist of a combination of surface acoustic
waves (SAW), Lambmodes, and leakywaves that are all associatedwith
sinusoidal waveforms in time. Thus, the sinusoidal thermoelastic and
the non-sinusoidal magnetic dynamics can be easily discerned on the
ps timescale.

Figure 3a depicts the backward-diffracted intensity TG signal (PP
pump beams) as blue circles, clearly showing the ultrafast electronic
response at time zero, followed by the sinusoidal oscillatory waveform

Fig. 2 | Experimental setup. a Scheme of the TIMER instrument in the OP beam
configuration. The two beams generated by the FEL source are split vertically by a
planar mirror PM1 to generate the probe (see panel c). Of the remaining two half
beams, the variably polarized one (LH/LV) is steered by the second planar mirror
PM2whereas the LV branch propagates unaffected. Both half beams constitute the
pump and are crossed and focussed at the sample at an angle 2θ by two toroidal

mirrors FM1 and FM2. Of the two half beams reflected by PM1, the variably polar-
ized one is geometrically blocked while the LV is steered to the delay line and then
focussed at the sample at an angle θpr. The signal beam is drawn exemplary to
propagate in forward diffraction at an angle θsig. b Scheme of the OP beam gen-
eration in the FERMI undulator chain (see text for discussion).
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typical of the thermoelastic response. The long-time dynamics are
plotted for reference in Section 2 of the Supplementary Information.
Fitting with a sum of cosinusoidal terms results in two dominating
phonon modes. Their frequencies (νS ≈ 43GHz and νLA ≈ 123.0GHz)
are compatible with the expected frequencies of the SAW and long-
itudinal acoustic (LA) phonon, respectively.Amoredetaileddiscussion
of the ultrafast electronic response, the thermoelastic properties of
the sample, and the fitting procedure are given in Section 2 of the
Supplementary Information.

We compare this signal with the one obtained with OP pump
beams, plotted as red triangles in Fig. 3b. After the time-zero spike, the
two dynamics strongly differ up to 10 ps, where the latter signal is
dominated by a clear non-sinusoidal time-dependence with a 2 ps rise
and a sub-10 ps decay. On a longer timescale oscillatory dynamics are
observed at the same frequencies, suggesting the presence of a weak
residual modulation of surface displacement. Indeed, from ≈10 ps on,
the dynamics can be reproduced by scaling the fit to the signal from
the intensity grating, as indicated by the dashed line in Fig. 3b. Within
the assumption that the non-sinusoidal signal is of dichroic nature, and
therefore has orthogonal polarization with respect to the oscillatory
component, the two signal intensities add up incoherently (without
interference term), and the resulting scaling factor is α = 0.019.
Nevertheless, even without this assumption, the fit results are not
changing significantly (see Supplementary Information Section 2).

Discussion
This residual intensity contrast can have a two-fold origin: (i) a non-
perfect orthogonal polarization of the two FEL pulses, discussed in
Section 1 of the Supplementary information, and (ii) a remaining
temperature grating due to dichroic absorption Δβ, as discussed pre-
viously. As an order of magnitude estimate of the second mechanism,
we write the amplitude of the fully modulated thermal grating result-
ing from intensity TG excitation with incident intensity 2I0,PP as

ΔT / 4I0, PP=Labsσ
2
ex, where σex and Labs = λex/4πβ are the FEL spot size

and the average absorption length, respectively. In the case of the
polarization grating, for an incident intensity 2I0,OP the residual tem-
perature grating has an amplitude ΔT? / 2I0,OP=σ

2
ex

� �
1=L�abs � 1=L+

abs

� �
around the average temperature T? / 2I0,OP=Labsσ

2
ex. Here

L±
abs = λex=4πðβ±ΔβÞ account for the different absorption lengths for

left and right circular polarization. The two temperature modulations
are schematically depicted in Fig. 4a. Since (A) the spot size and
overlap conditions are the same for intensity andpolarization gratings,
(B) the amplitude of the surface modulations uz and u?

z are linearly
proportional to the temperature modulation and (C) the TG signal is
proportional to u2

z ðx,ΔtÞ, the ratio between the sinusoidal thermo-
elastic signal in intensity and polarization TGs can be written as
ðΔT?=ΔTÞ2 × ζ = ðI0,OP=I0,PPÞ2ðΔβ=βÞ2 × ζ � 0:007, where ζ ≈ 11/9 is the
ratio between the probe intensities in the two measurements. The
estimation of the absorption coefficients β and Δβ is provided in the
Methods section. The calculated value is on the same order of mag-
nitude as the scaling factor α extracted from the data analysis but
smaller than expected, given the additional contribution from the FEL
polarization unbalances to the TG contrast (mechanism (i)).

Instead, the significant change in the time-dependence of the TG
signal when changing from PP to OP beams is a clear indication of the
generation of a polarization transient grating. Indeed, such a strong
difference in the picosecond dynamics reveals the relative enhance-
ment of a signal component that cannot be attributed to the ther-
moelastic response.

In the case of a polarization TG, any mechanism related to a
temperature contrast ΔT⋆ after a sub-ps thermalization can instead be
ruled out. As sketched in Fig. 4b for the example of magnetization and
density, the temperature variation ΔT due to the intensity TG drives
both a magnetization change ΔM and a density change Δρ, with an
associated surface displacement uz. Similarly, a temperature variation
ΔT⋆ due to the polarization TG would induce a magnetization change
ΔM⋆, a density change Δρ⋆ and a surface displacement u?

z . For small
temperature variations, all thesemodulations can be approximated to
depend linearly on the temperature. Hence, all the thermally-driven
signal components should scale comparably when changing from
intensity to polarizationTG andone could expect to observe thewhole
signal to scale with themuch smaller induced ΔT⋆, without any change
in its time-dependence. However, we do not observe such behavior.
Rather, the emergent ps-dynamics in the polarization TG signal must
be associatedwith a non-thermal, i.e. without changes in the electronic
and lattice temperature, modulation of the complex refractive index
driven by the direct interaction ofmatter with the periodicmodulation
of the light polarization. In a ferrimagnet this helicity-dependent
response is most probably of magnetic nature.

To test whether a direct modulation of the magnetic system can
result in the observed qualitative signal, we performed numerical
simulations. We use a pseudospectral model that includes both short
and long-range exchange interactions and has been recently shown to
agree with atomistic spin dynamics after the electronic-induced mag-
netization distribution has been established32. The 2D simulation dis-
regards thermoelastic responses and, consequently, any magneto-
elastic coupling. The magnetization evolves solely due to exchange,
anisotropy, and damping. Under the assumption that the polarization
TG induces a non-thermal change in the magnetization, we model our
initial condition as a deterministic polarization TG component on a
stochastic thermally-driven uniform demagnetization. This initial
condition is assumed to be established after a time t0, i.e., after the
ultrafast excitation mechanism has fully developed33. The details
regarding the implementation and initial conditions are discussed in
the Methods and in Section 3 of the supplementary information.

We performed simulations with several exchange lengths Lex,
chosen to qualitatively describe the experimental signal while being
physically plausible for a CoGd alloy. The time dependence of the
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Fig. 3 | Dynamics induced by intensity vs polarization grating excitation.
a Intensity grating. Blue circles: backward-diffracted TG signal from PP beams.
b Polarization grating. Red triangles: backward-diffracted signal from OP beams.
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a and b are the variance calculated over three scans. Center value is the mean.
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estimated signal from the polarization TG simulations at Lex = 4 nm
(see the “Methods” section) is shown in Fig. 5a by a yellow line. The
experimental signal is shown in comparison by red symbols. The
simulation results have been normalized to match the experimental
signal peak and begin at a delay of t0 = 250 fs to account for the
simulations being initialized after the electronic-induced demagneti-
zation. This choice of delay is representative of ultrafast optical
quench of metals, as discussed in Section 3 of the Supplementary
Information, and, most importantly, does not substantially affect the
comparison proposed in Fig. 5a. The simulations exhibit an increase in
the signal in qualitative agreement with the experiments. This max-
imum peak subsequently decays in good quantitative agreement
between simulations and experiments. Instead, as evidenced by the
blue trace, initial conditions describing a non-deterministic but ther-
mal (stochastic) modulation at the same demagnetization change MT

do not qualitatively reproduce the data. The two simulation cases are
scaled by the same factor tomaintain the relative intensity differences.
Despite its simplicity, the model is thus capable of reproducing the
observed ps dynamics, indicating that it originates from a non-thermal
magnetic contribution.

The understanding of the underlying excitationmechanism at the
origin of the polarization TG signal goes beyond the scope of the
current demonstrative experiment and would require a three dimen-
sional extension of the theory to take into account also the elastic and
magneto-elastic response. Nevertheless, irrespective of any specific
excitation mechanisms, the qualitative comparison between calcula-
tions and experimental data suggests a magnetic origin of the signal,
likely arising from a direct helicity-dependent coupling that adds on
top of a spatially uniform (thermally-driven) demagnetization back-
ground. For example, recent experiments have shown the inverse

Faraday effect (IFE) to be unexpectedly strong at these excitation
wavelengths34. These results already reveal how the comparison of
intensity and polarization TG studies could provide relevant insights
into the intricate physics of chiral systems. This holds particularly in
the EUV and soft X-ray regimes, where one could exploit the strong
variation of dichroic absorptionΔβ around resonances. Indeed, a small
photon-energy change would allow for a strong effect on the relative
weight of dichroic absorption (Δβ) and dispersion (Δδ) in the changes
induced to the refractive index by the periodic pattern of circular left
and circular right polarization light. Additionally, investigating the
dependence of the signal on the polarization TG period could allow to
explore the role of the exchange interaction and spin transport at their
characteristic lengthscales and in the absence of lateral thermal
transport. Furthermore, the dependence on ΛTG could be affected by
lateral domain size, when the two become commensurate, thus
potentially allowing the investigation of the role of domain size and
their walls’ dynamics in ultrafast demagnetization phenomena.

In conclusion, we applied a tailored FEL setting and the TG
instrument available at FERMI to demonstrate the generation of an
ultrafast polarization grating with a 43.6 nm period, by selectively
reducing the thermoelastic response of a magnetic system while
enhancing a previously hidden signal component. Our approach is not
limited to magnetic systems but can be extended to all systems that
have a chiral response. Moreover, the use of EUV pulses provides both
access to the nanoscale and a playground to tune circular absorption
anddispersion coefficientswith respect to eachother and, thereby, the
relative weight of thermal and helicity-dependent excitation. In this
context, we anticipate that polarization TG experiments could be
applied to investigate chiral opto-magnetic properties and the valley
degree of freedom of emerging topological systems where the
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characteristic lengthscales are on the order of the EUV TG periodi-
cities, such as metal dichalchogenides35, twisted bilayer graphene36 or
Weyl semimetals37. Indeed, such an excitation scheme has been pro-
posed theoretically for the unambiguous identification of dynamical
axions in this class of condensed matter systems38.

Methods
Sample and experimental parameters
The sample was a 15 nm-thick film of Co0.78Gd0.22 alloy with perpen-
dicular magnetic anisotropy, analogous to the one used in reference9.
The magnetic stack consisting of (1.5 nm Ta/1.5 nm Pt/15 nm
Co0.78Gd0.22/3 nm Pt) was grown on a lead-germanate glass substrate
using dc- and rf-magnetron sputtering at room temperature (base
pressure of 3 × 10−8 mbar). Ar is used as a sputter gas at a pressure of
3.4 × 10−3 mbar. Typical deposition rates range between 0.1 and
0.4 As−1. The CoGd layer exhibits an out-of-plane anisotropy with a
coercive field of approximately 70mT and was magnetized to satura-
tion with the magnetic field normal to the film surface. The compen-
sation temperature is above room temperature, which is why the
magnetization is dominated by Gd. Similar to other work we expect a
Curie temperature larger than 600K39 and around 900K40. The
absorption coefficients used for the estimation of the residual tem-
perature modulation observed in Fig. 3b of the main text are ∣β∣ =0.141

and Δβ = −6.12 × 10−3. The latter was calculated assuming that the
magneto-optical constants at the Co M-edge are determined by the
number of Co atomsper unit volume and usingΔβCo = −1.1 × 10−2 as the
dichroic absorption of pure Co42.

The excitation fluence at the samplewas about 2mJ/cm2, the 2 nm
Ta capping layer transmits 89% of the incident light and we calculate a
penetration depth of 16.5 nm in the ferrimagnetic layer. We estimate a
local lattice heating due to FEL excitation of about 400K. Each
acquisition was integrated over 1500 shots per delay point with a FEL
repetition rate of 50Hz and a pulse duration of ≈40 fs. We measured
the total diffracted signal without polarization analysis.

Numerical modeling
The pseudospectral Landau–Lifshitz model simulates the
Landau–Lifshitz equation

∂
∂t

m= �m×Ωeff � αGm× m×Ωeff

� �
, ð1Þ

where m is the normalized magnetization vector, Ωeff is an effective
field contribution expressed in units of rad/s containing the relevant
physics of the system, and αG is the dimensionless Gilbert damping
coefficient. In this case, we consider the effect of an externally applied
field contribution γμ0H0, where γ is the gyromagnetic ratio, μ0 is the
vacuum permeability, and H0 is the uniform external field; and
the exchange contribution F�1fωðkÞm̂g, where F�1f�g represents the
inverse Fourier transform, m̂ is the Fourier transform of the magneti-
zation components, and ω(k) is the magnon dispersion relation. The
pseudospectral model is applicable to situations where both short and
long wavevectors are relevant to the dynamics since the system’s
energy and momentum relation is encoded in the dispersion relation.
In other words, this model describes the spatiotemporal range
between atomistic spin dynamics andmicromagentic simulations. For
a 2D magnetic surface, we implement the pseudospectral model with
the dispersion relation43

ωðkÞ= γμ0Ms2
Lex
a

� �2

2� cosðkxaÞ � cosðkyaÞ
� �

ð2Þ

where Ms is the saturation magnetization, Lex is the ferromagnetic
exchange length, a is the lattice constant, and k = (kx, ky) is the wave-
vector. In this model, we do not account for the dynamic coupling to
the phonon system and it is applicable to CoGd in its low-energy

sector. We also disregard the effect of non-local dipole fields since
these have been shown to be negligible in ultrafast conditions44.
Finally, we note that the exchange length is difficult to predict for an
alloy in far-from-equilibrium conditions. We estimated the exchange
length to lie in the range between Co and Gd. A weighted average
based on composition suggests Lex = 12 nm, however, we expect a
shorter exchange length at far-from-equilibrium conditions. As shown
in the main text, Lex = 4 nm returns qualitatively similar behavior
between simulations and experiments.

The initial magnetization distribution for polarization TG is defined
after a time t0, i.e., after the ultrafast pump establishes said distribution,
and themodel does not rely on any specificmechanism for bringing the
system to the initial out-of-equilibrium conditions. We thus consider the
following functional form for the initial state:

mðPGÞ
z ðx, y, t = t0Þ= 1� ξ x, yð ÞΔMT

Ms

1
2
� α cosðqxÞ

� 	
� C

1� cosðqxÞ
2

ð3Þ
where ΔMT is the maximum magnetization quench induced ther-

mally, C = ΔMPG
Ms

≤ 1� ΔMT
Ms

ð12 +αÞ is a coefficient that determines the

strength of the modulation due to the light polarization grating,
α = Δβ/β = 0.06 is the amplitude of the residual intensity grating
due to dichroic absorption, q is the grating wavevector, and ξ(x, y)
is a uniformly distributed random noise in space defined in
the range [0,1]. The in-plane magnetization distributions are

defined as mðPGÞ
x ðx, y, t = t0Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ½mðPGÞ

z ðx, y, t = t0Þ�
2

q
cosðηðx, yÞÞ

and mðPGÞ
y ðx, y, t = t0Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ½mðPGÞ

z ðx, y, t = t0Þ�
2

q
sinðηðx, yÞÞ where η

is a uniformly distributed randomnumber in the range [0, 2π]. Cast in
spherical coordinates, we see that ξðx, yÞ= cosðθÞ, where θ is the polar
angle, and η(x, y) is the azimuth. Therefore, we generate a Gaussian
noise in the unit sphere, similar to the Box–Muller algorithm45. This
strategy ensures that the magnetization vector maintains a constant
magnitude, as expected from the modeled quasi-equilibrium condi-
tions, and that its distribution obeys the fluctuation-dissipation
theorem46. Such a random magnetization distribution has been
shown to be a good descriptor of a thermal demagnetization insofar
as the electronic bath is in equilibrium47, which is typically the case
after about 250 fs for metallic alloys. Examples of initial conditions
and the resulting time evolution are shown in Section 3 of the
Supplementary Information. The simulation follows the evolution of
the initial magnetization distribution over 20 ps. The pseudospectral
model was solved with a Runge–Kutta 45method (adaptive step) with
renormalization of the magnetization vector at every iteration.
Periodic boundary conditions inherent to Fourier transformation
were used. The 2D simulation domain was 435.24 nm× 21.762 nm
discretized at a cell size of 0.403 nm which was obtained as the
composition-weighted average of Co and Gd lattice parameters. In
addition, we used the following material parameters based on the
experiments reported in ref. 9: Ms = 250 kA/m, Gilbert damping
constant αG = 0.02, uniaxial anisotropy Hk = 274 kA/m, and Lex = 4 nm.

The resulting magnetization evolution mðPGÞ
z ðx, y, tÞ was Fourier

transformed in 2D. The TG signal was estimated as the amplitude of
the Fourier peak atq. The simulationwas repeated 10 times for each C
using different realizations for the noise ξ(x, y) and η(x, y), and the
estimated TG signal is then averaged tominimize fluctuations.We run
several sets of calculations as a function of selected values of C and
Lex. Qualitatively, we observe that the strength of the modulation
does not only increase the amplitude of the signal but also shifts the
maximum to later delays while shorter exchange lengths are
responsible for longer magnetization recovery times. The case of
intensity TG is described in Section 3 of the Supplementary
Information.

Article https://doi.org/10.1038/s41467-024-54799-6

Nature Communications |        (2024) 15:10742 6

www.nature.com/naturecommunications


Data availability
Processed data are available on figshare under the access code https://
doi.org/10.6084/m9.figshare.27233223. Raw data are available in the
open access Elettra data repository under https://doi.org/10.34965/
i47529.

Code availability
The code used for the data reduction and the numerical simulations is
under constant development and, therefore, is not yet released in a
public repository. It is available from the corresponding author under
request.
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