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METHODS

In this supplementary material, we detail the steps
taken in preparing the samples and analysing the ex-
perimental data, provide further detail for the time-
dependent density functional theory (TDDFT) calcula-
tions, and describe the process of comparing the calcu-
lated and measured absorption spectra.

Sample preparation

Polycrystalline fcc Ni film samples were evaporated
on a 5 x 5 array of 200 nm thick SigN4 windows, with
the middle window being left uncovered for the reference
measurement. They consist of a 2040.7 nm thick fcc Ni
layer, capped by 2 nm MgO. A 100 nm thick Cu layer
was deposited on the backside of the window to miti-
gate heating effects. The samples are polycrystalline and

ferromagnetically ordered [1].

Treatment of experimental data

In the measured absorption spectra, we find a linear
background, which we attribute to the zone plate, and
that leads the excited- and ground-state spectra to di-
verge over the energy range. We correct this background
for both spectra using two linear functions with the same
slope of opposite sign, thus leading the two spectra to co-
incide in the pre- and post-edge regions. Following the
correction, the spectra are normalised so that the mean of
the pre-edge region corresponds to zero, while the mean
in the post-edge region corresponds to one. The measure-
ment of the transient absorption change is then scaled
with the same factor obtained from the normalisation of
the spectra. This ensures continued agreement between
the induced changes observed in the spectra and the evo-
lution of the absorption changes.



We note that in order to exclude any influence of effects
resulting from heat build-up in the sample within one x-
ray pulse train, only the first six pulses in each train are
evaluated in the analysis.

Analysing the induced changes

In order to reproduce the pumped spectrum and pump-
induced change, as seen in Fig. 1(b,c) of the main paper,
two modifications of the unpumped spectrum are consid-
ered, a rigid energy shift and a broadening. This mod-
elling was done with the program Pi [2]. The energy
shift is incorporated by calculating an Akima spline of
the unpumped spectrum where the energy axis is shifted
by AE. In contrast, the broadening is included via a
convolution of this Akima spline with a Gaussian with
the FWHM w. The two parameters are optimised so
that the agreement of the modified Akima spline and
the measured pumped spectrum is optimal in the energy
range where the induced change is at its maximum (852 -
853.5 eV). By setting one of the parameters, w or AE, to
zero, the corresponding modification is also reduced to
zero, identifying the individual contribution of the two
modifications, as shown in Fig. 1(c) of the main paper.

For the purpose of analysing the transient absorption
change at a constant hv = 852.72 eV, the response func-
tion [3] Eq. (S1) is convoluted with a Gaussian of FHWH
w and fitted to the experimental data to obtain the ex-
ponential rise 7, and decay time T,_pp:
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As the response function is obtained in the framework of
the two temperature model the two time constants 7,
and 7._pp, can be assigned to the internal thermalisation
time of the electronic system and the electron-phonon
coupling time respectively [3]. Following the convolution

the function can be written as:
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The results are double-checked using two separate pro-
grams, one fitting the convoluted form and one where the
function is convoluted during the fitting procedure lead-
ing to identical fit parameters within the error. The re-
sults of fitting the convoluted response function Eq. (S2)
can be seen in Fig. 2(b) of the main paper.

TDDFT formalism

The time-dependent Kohn-Sham (TDKS) Hamiltonian
can be written as:
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where ¢ is the speed of light, o is the Pauli matrix,
and Bg(r,t) is the effective Kohn-Sham (KS) magnetic
field (Bs(r,t) = Bext(t) + Bxo(r,t), where By (t)
is the magnetic field of the external laser pulse and
Bxc(r,t) is the exchange-correlation (XC) induced
exchange splitting. The last term of Eq. (S3) is the
spin-orbit coupling (SOC) term in its generic form, and
;(r, t) is the two component Pauli spinor. The external
laser pulse is treated in the dipole approximation with
a vector potential Ac(t). The atomic units (with



h = e =m=1) are adopted in Eq. (S3).

The KS effective potential, vs(r,t), is a sum of three
terms vg(r,t) = Vegt(r,t) + vy (r,t) + vge(r,t), where
Veat (T, t) is the external potential, vy (r,t) is the Hartree
potential, and vxc(r,t) is the exchange-correlation (XC)
potential.

We note that while the TDDFT calculations accurately
describe the non-equilibrium electronic state after optical
excitation, they are performed with fixed nuclei and thus
apply only to the first ~ 100 fs during which the influence
of lattice excitations can be safely neglected [4, 5].

Comparing theoretical calculations and
experimental data

To directly compare the experimental and calculated
absorption spectra, several steps are taken.

Preparing experimental data

The experimental as well as the absorption spectra cal-
culated from TDDFT and DFT show a varying level of
contributions from excitations into the continuum. As
such, these contributions have to be corrected in order to
compare the data directly. In the case of the measured
absorption spectra, the excitations into the continuum
are corrected by subtracting a step-function of the form:
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where Fr3 and Ep 5 determine the energy position of the
steps and are chosen corresponding to the maximum of
the L3 2-edge in the ground-state spectrum. The param-
eter w determines the width of the steps, and the addi-
tional parameter 3 is added to account for the additional
broadening of the Ly-edge due to the additional LoL3V
Coster-Kronig decay channel [6]. For the experimental
spectra, the parameters A3 and Ajs are set to % and
%, respectively, according to the branching ratio in nickel
[7].

Incorporation of lifetime broadening for theoretical spectra

Furthermore, before the experimental and calculated
absorption spectra can be directly compared, the calcu-
lated spectra have to be broadened to account for the
lifetime broadening effects of the two absorption edges.
This is done by convoluting the calculated spectra with
a Lorentzian, whose FWHM increases linearly with en-
ergy, to consider the energy dependence of the Hedin-
Lundqvist self-energy [8]. Here we chose to increase the

FWHM of the Lorentzian by 0.1 eV for every eV on the
energy scale, with the evolution of the FWHM over the
energy range being shown in Fig. S1(bottom). We also
consider the increased broadening of the Lo-edge with an
increased starting value for the FWHM.

Preparing convoluted theoretical data

Following the convolution, a step-function Eq. (S4) is
subtracted, but as the contribution of the excitations into
the continuum is not identical in the calculations and
the experiment, the parameters Aps and Ars have to be
adjusted accordingly. Furthermore, the absolute energy
scale of the theoretical calculations does not coincide with
the experimentally measured one. As such, Fj3 and Ep9
are also adjusted to again correspond to the maximum of
the L3 2-edge in the ground-state spectrum. To compare
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FIG. S1. (top) Ground-state (purple/blue squares) and

pumped (yellow/red circles) X-ray absorption spectra at At =
0.4 ps and 0.5 ps, respectively, compared with the broad-
ened calculated ground-state (purple/blue line) and excited
(green dotted/red dashed line) absorption spectra obtained
from TDDFT and DFT. (bottom) Evolution of the FWHM
of the Lorentzian used for broadening the calculated absorp-
tion spectra from TDDFT (green) and DFT (orange) over the
energy range.



the spectra, the energy scale is shifted by AE, with the
energy scale of the Lo-edge spectrum being shifted by the
additional amount AEp,. Finally, the spectra are scaled
so that the agreement between the calculated and mea-
sured ground-state spectrum is good. The parameters
for the broadening are determined once in that way for
the TDDFT and DFT calculations and then kept iden-
tical for all calculations in each data-set. An exemplary
broadened ground state and excited spectrum is shown in
Fig. S1(top) in comparison with the experimental data.
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