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Abstract

We investigated the role of electronic excitation, relaxation and transport processes in X-ray induced

ultrafast demagnetization of magnetic multilayer systems. In what follows, we report on the results

obtained with the newly developed modeling tool, XSPIN, which enables nanoscopic description of elec-

tronic processes occurring in X-ray irradiated ferromagnetic materials. With this tool, we have studied

the specific response of Co/Pt multilayer system irradiated by an ultrafast XUV pulse at the M-edge of

Co (photon energy ∼ 60 eV). It was previously studied experimentally at the FERMI free-electron-laser

facility, using the magnetic small-angle X-ray scattering technique. The XSPIN simulations show that

the magnetic scattering signal from cobalt decreases – on the femtosecond timescales considered – due to

electronic excitation, relaxation and transport processes both in the cobalt and in the platinum layers.

The signal decrease scales with the increasing fluence of incoming radiation, following the trend observed
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in the experimental data. Confirmation of the predominant role of electronic processes for X-ray induced

demagnetization in the regime below the structural damage threshold, achieved with our theoretical

study, is a step towards quantitative control and manipulation of X-ray induced magnetic processes on

femtosecond timescales.

Introduction

X-ray and extreme ultraviolet (XUV) free-electron lasers (FELs) [1–5] enable investigation of X-ray induced

demagnetization within magnetic materials on femtosecond timescales. FELs generate intense, coherent

pulses of femtosecond duration and of tunable wavelength, which can rapidly induce strong electronic excita-

tion in solid materials. Historically, since its discovery in 1996 [6], ultrafast demagnetization on sub-picosecond

timescales was studied mostly with lasers working in the infrared wavelength regime [7–9]. X-ray FELs pro-

vide not only a unique opportunity to probe magnetic properties of solids on femtosecond timescales and

at nanometer length scales but they also enable to study ultrafast demagnetization induced by photons of

much higher energies than those accessible with optical lasers [10–18]. This is possible with resonant X-ray

magnetic scattering [19–21]. The energy of photons in the FEL beam is then tuned to an absorption edge

of a ferromagnetic element. Transient magnetic properties of the system can be followed, taking advantage

of X-ray magnetic circular dichroism (XMCD) effect, for example, by performing a resonant magnetic small-

angle X-ray scattering (mSAXS) measurement [22, 23]. In particular, for samples characterized by a strong

perpendicular magnetic anisotropy, the latter scheme gives access to X-ray induced ultrafast changes within

magnetic domains [24, 25]. Let us emphasize that in such experiments [10–12] the X-ray pulse serves both

as a pump and as a probe, exciting the material and simultaneously probing the excited state with magnetic

scattering.

The mSAXS measurement principle is the following (see, e.g., [22]). The resonant coherent elastic scat-

tering amplitude for a magnetic ion includes a contribution from charge and magnetic scattering [19, 20]. For

an X-ray beam (i) arriving perpendicularly to the surface of a magnetic sample (with magnetization vectors

also perpendicular to the surface), and (ii) scattered into a ring corresponding to the momentum transfer,

reflecting spatial correlations of the domains (typically on 100 nm length scales, i.e., large in comparison with

charge heterogeneity, ∼ 10 nm ), the overall scattering amplitude reduces to the magnetic contribution only

[22, 26]. In the electric dipole approximation, it reads:

Fmagn = −i · (~e× ~e′) · ~m Fm1. (1)

The vectors ~e and ~e′ are polarization vectors of the incoming and scattered radiation, ~m is the unit vector

of the magnetization. The complex dipole-transition matrix element, Fm1, describes the resonant magnetic

scattering strength [21]. It depends, among others, on the difference between the incoming photon energy

and the resonant energy, and on the actual material magnetization, M .
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As the resonant magnetic scattering strength, Fm1, is proportional to the magnetization of the sample

[10, 12], any changes of the magnetization within magnetic domains will be reflected by the change of the

scattering signal. This, in particular, implies that any demagnetization of the sample will cause a decrease

of the magnetic signal.

Let us emphasize that the modeling tool able to follow transient changes of magnetization has to take

into account radiation damage processes in the sample induced by X-ray irradiation. The damage processes

have, in general, two components: (i) electronic damage due to X-ray induced excitation and collisional

relaxation of electrons, and (ii) structural damage resulting in atomic displacements. In this work, we report

on a nanoscopic modeling tool, XSPIN, exploring electronic damage. Within this approximation, our model

restricts to the X-ray fluences below the damage threshold. However, this is the fluence regime of the largest

interest and applicational potential, as the demagnetization is then a reversible process and, after a certain

time, the material recovers its equilibrium magnetization. If the structural damage fluence threshold is

exceeded, the changes in the material become irreversible, and its magnetic properties can be ultimately lost

[12, 18, 22].

With the XSPIN tool, we analyze the results of a recent experiment on resonant magnetic scattering with

ultrashort XUV pulses (tuned to the M-edge of cobalt) from Co/Pt multilayer system with perpendicular

magnetic anisotropy [27]. The experiment was performed at the FERMI FEL facility [10]. In particular, we

demonstrate that the processes of electronic excitation, relaxation and transport induced by XUV radiation

predominantly affect the behaviour of the transient magnetization and hence the scattered magnetic signal.

Results

Modeling of X-ray induced processes in solid materials

The hybrid code XTANT [28, 29] (discussed in detail in the ”Methods” section) was the base for the code

XSPIN, which we have constructed and use in this study to follow X-ray induced magnetic transitions in

solid materials.

The XTANT code includes all predominant processes occurring in a solid material as a result of X-ray

irradiation. It is a hybrid simulation approach combining various modeling techniques. This enables a

treatment of large samples and highly excited electronic states (up to keV energy) which is not yet feasible

with fully ab initio approaches such as, e.g., those presented in [30, 31]. The XSPIN code is an extension of

XTANT, which treats spin degrees of freedom in electronic subsystem. The following paragraphs summarize

the general modeling framework of XSPIN. More details can be found in the ”Methods” section.

First, we assume that the incoming X-ray pulses are not intense enough to cause any atomic displacements

in a magnetic material during the exposure. We neglect also eventual shifts of electronic levels due to high

electron temperature. As the nuclei positions are ”frozen”, we can use the density of states (DOS) obtained

for the material in equilibrium, and apply an ab initio description of its electronic band structure. For XSPIN
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simulations, this was calculated with the VASP (Vienna Ab initio Simulation Package) code which enables

high-precision DFT calculations for various materials [32–35].

Second, in XSPIN we imply spin non-degeneracy to all electrons. Thus, each electron has its own spin, with

two states: ”spin-up” and ”spin-down”. We exclude any spin precession, as it is negligible on the subpicosecond

timescales considered here. The spin-up and spin-down valence electrons are initially distributed in the 3d

band according to the total magnetic momentum of the material under thermal equilibrium. This scheme is

similar to that used in the Stoner-Wolfarth model, describing a single magnetic domain [36, 37].

Third, the code treats with different simulation techniques non-thermalized high-energy fraction (HEF)

of electrons and thermally equilibrated low-energy fraction (LEF) of electrons, the latter involving electrons

with energies below some specified energy cutoff (for details, see the ”Methods” section). The photoinduced

and the subsequent electronic collisional processes involving the electrons within HEF are simulated with

the classical Monte Carlo scheme adopted from the XTANT code [28, 29, 38]. Figure 1 shows schematically

the electronic processes considered, i.e., photoionization, impact ionization and Auger decay. After an X-ray

pulse starts to interact with a solid material, electrons from spin-up and spin-down subsystems are released

due to the photoabsorption process. The excitation probabilities take into account the actual electronic

occupations in the respective bands. If the photon energy is sufficient to trigger an electronic excitation

from a core shell, a spin-up or spin-down electron can be excited from the shell. After the photoabsorption,

the energetic photoelectron joins the non-thermalized high-energy electron fraction, preserving its spin state.

During the sequence of the following impact ionization events, the electron continuously loses its energy and

may ultimately ”fall” into the spin-up or the spin-down subsystem of the thermalized low-energy electron

fraction – depending on its spin state. The HEF electrons may excite further electrons, with the same or

an opposite spin. The probability of such excitation depends on the actual occupations of the spin-up and

spin-down electron levels in the LEF and in the core shells.

Core holes relax via Auger decay. A band electron with the same spin fills the hole, while the Auger

electron is chosen randomly, according to the actual distribution of spin-up and spin-down electrons. The cross

sections for photoionizations are taken from the EPDL database [39] and for impact and Auger ionizations

from the EADL database [40]. The core ionizaton potentials are taken from the X-ray Data Booklet [41].

All low energy electrons from the LEF, both within spin-up and spin-down subsystems, are assumed to stay

in a common local thermal equlibrium. Therefore, at each time step all the electrons are instantly thermalized

to follow a Fermi-Dirac distribution. Note that the intraband collisions leading to the thermalization in the

entire low-energy electronic subsystem must then also include spin-flip collisions. In other words, the spin

redistribution in our model occurs through thermal collisions. Let us emphasize that due to the ultrashort

times considered, we do not need to specify a mechanism for the conservation of the overall angular momentum

in XSPIN [8].

At each time step, the actual number of electrons and the actual electron energy stored in both spin-up

and spin-down subsystems of the electronic LEF (N low
e and Elow

e respectively) are followed. Knowing them,
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a common temperature, Te, and a common chemical potential of electrons, µ, can be calculated by solving

the equations:

N low
e =

∑

σ

Emax,σ
∑

Emin,σ

{1 + exp[(Ei,σ − µ)/(kBTe)]}
−1,

Elow
e =

∑

σ

Emax,σ
∑

Emin,σ

Ei,σ{1 + exp[(Ei,σ − µ)/(kBTe)]}
−1, (2)

similarly as it was done in the code XTANT, therein with spin degeneracy [28]. The energy Ei,σ is the

energy of the i-th level for spin σ = ↑, ↓; Emin,σ and Emax,σ are the minimal and maximal (cut off) electronic

energies in the band σ respectively, and kB is the Boltzmann constant. The energy levels in the low-energy

electron fraction are determined from the total spin-polarized density of states Dσ(ǫ) for fcc Co, calculated

with the code VASP. The energy Ei,σ of i-th level for spin-σ electrons is then calculated from the equation:

i =
∫ Ei,σ

−∞
dǫDσ(ǫ).

Magnetic signal from X-ray irradiated Co layer

X-ray magnetic dichroism arises from a directional spin alignment and the spin-orbit coupling, and results in

different X-ray absorption of left and right circularly polarized light at the absorption edges of ferromagnetic

materials [42]. The absorption spectra reflect the actual positions of electronic energy levels and the actual

occupations of the resonant electronic states. Let us consider a magnetic scattering signal from an X-ray

irradiated Co layer. Incoming X-ray photons of energy h̄ωγ can then excite electrons from the 3p band to the

3d band (Fig. 2). The region in the 3d band to which the electrons can be excited from the 3p band extends

from h̄ω0−∆ to h̄ω0+∆, where h̄ω0 is the difference between the photon energy and the position of M-edge:

h̄ω0 = h̄ωγ − Eedge, (3)

with Eedge = 60 eV for M-edge of Co. Here, 2 ·∆ is the 3p band width, which determines the number of states

probed in the 3d band. The magnetization is proportional to the disparity between electronic populations at

the resonant states in spin-up and spin-down subsystems:

M ∝

h̄ω0+∆
∑

h̄ω0−∆

[Nhole
↑ (Ei,↑)−Nhole

↓ (Ei,↓)], (4)

where Nhole
σ (Ei,σ) = 1 − N low

e,σ (Ei,σ) denotes the number of empty states at Ei,σ level. The coefficient

N low
e,σ (Ei,σ) = {1+ exp{[(Ei,σ −µ)/(kBTe)]}

−1 defines the electronic occupation of the level Ei,σ (assumed to

be Fermi-Dirac occupation at all times).

The XSPIN code calculates transient changes of Nhole
σ (Ei,σ) in response to a specific X-ray pulse for the

probed energy levels within the Co 3d band (i.e., within the interval ±∆ around the probed level h̄ω0). The
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transient magnetization of the system can then be calculated from Eq. (4).

Figure 3 shows an example of a typical shape of the demagnetization curve, |M(t)|2, (normalized to its

initial value) for a single Co layer. The temporal shape of the X-ray pulse was Gaussian, with the full width at

half maximum (FWHM) of 70 fs. The pulse fluence was 13 mJ/cm2, corresponding to the average absorbed

dose in the material of 0.93 eV/atom. The assumed thickness of the Co layer was 0.8 nm, i.e., much less than

the photon attenuation length in Co for a ∼60 eV photon. This ensured a uniform distribution of absorbed

energy within the Co layer. The decrease of the |M(t)|2 curve follows the increase of the number of excited

electrons (i.e., the electrons with energy above the Fermi level) in the sample, also depicted in Fig. 3. When

the electron cascading saturates, the value of |M(t)|2 stabilizes, here within ∼70 fs after the pulse maximum.

The transient intensity of the resonant magnetic scattering signal (per unit surface), Imagn(t), (cf. [10,

22, 42]) is:

Imagn(t) ∝ I(t) · |Fmagn(t)|2 (5)

where I(t) is the incoming X-ray intensity, and Fmagn(t) is the instantaneous amplitude for the resonant

magnetic scattering from Eq. (1). If we separate out the magnetization from the the dipole-transition matrix

element in Fmagn(t) (see, e.g., [42]), assuming that energy level shifts and stimulated emission processes are

only of minor importance – which is the case here – the magnetic scattering signal can be rewritten as:

Imagn(t) ∝ I(t)|M(t)|2, (6)

where M(t) is the transient magnetization. The time-integrated intensity, Imagn(t), yields the experimental

observable, magnetic scattering efficiency, S(F ):

S(F ) = P ·

∫

dt I(t)|M(t)|2, (7)

where F =
∫

dt I(t) is the pulse fluence. The proportionality factor, P , in Eq. (7) depends both on the

material properties and on the X-ray beam parameters (e.g., polarization) [10]. However, it does not depend

on the X-ray pulse fluence.

Magnetic scattering signal from multilayer systems exposed to X-ray pulse

Experiments investigating X-ray induced demagnetization use multilayer systems in order to strengthen the

overall magnetic scattering signal (which then becomes a sum of contributions from individual layers), and

to tune the magnetic domain size, see, e.g., [25]. The multilayer systems are composed of ferromagnetic

and paramagnetic materials, e.g., Co/Pt [10, 22, 25] or Co/Pd [11, 17, 18]. In multilayer samples of such

composition, magnetic maze domains are formed, with magnetization perpendicular to the layer surface and

alternating up and down [10]. In an mSAXS experiment, coherent X rays arrive with normal incidence at

the top layer of the multilayer system and propagate through it (Fig. 4a). Two processes can then occur: (i)
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photoabsorption, and (ii) coherent scattering including resonant magnetic scattering if the radiation is tuned

to the absorption edge. Magnetically scattered photons are recorded at the CCD detector. They form a

scattering ring which radius reflects the spatial correlation of magnetic domains, being twice the domain size,

ζ = 2π/Qm (Fig. 4b), where Qm is the scattering vector, Qm = 4π
λ sin θ, with λ being the wavelength of the

incoming radiation, and 2 ·θ being the scattering angle. The total intensity of the ring reflects time-integrated

scattering efficiency of magnetic domains [43].

Figure 5 shows schematically the multilayer system studied in the experiment by Kobs et al. [10] for

which we will later present the corresponding XSPIN predictions. The FEL beam was first impinging at

normal incidence on the Si3N4 membrane (not shown) and then entered the top platinum layer, Ptin. The

spatial correlation, ζ, of the maze domains in the Co layers was of the order of 180 nm (corresponding to the

peak scattering vector Qm = 0.036 nm−1), and lead to a pronounced mSAXS signal. The experiment used

incoming photons of energy ∼ 61.1 eV. Pulse fluences on the top Pt layer, FPt,in, were between 0.3 and 45

mJ/cm2. The temporal shape of the XUV pulse was Gaussian, with full width at half maximum (FWHM)

of 70 fs.

In order to describe the response of the multilayer system (Fig. 5) to X-ray/XUV irradiation, one has to

analyse propagation of the radiation through the system. Let us first note that any reflection on Co or Pt

layers can be neglected as the reflectivity coefficients for Co and Pt layers at 61.1 eV photon energy are of the

order of ∼ 10−2–10−3. The change of incoming X-ray intensity after passing through a layer of a material

can then be expressed as:
dI

dz
= −αphot · I, (8)

where αphot is the photoabsorption coefficient, equal to the inverse of the photon attenuation length [44].

The solution of this Beer-Lambert-type equation is well-known (see, e.g., [15, 44]). According to it, X-ray

pulse intensity changes as:

I = I0 · e
−dCo/λatt,Co , (9)

after passing through a layer of magnetic material of a thickness dCo, where λatt,Co is the photon attenuation

length in cobalt. In our multilayer system (Fig. 5), this implies a recursive relation between the X-ray

intensities in two consecutive Co layers: the nth layer and the (n+ 1)th layer of the same thickness dCo at a

time instant t,

In+1(t) = In(t) · aCo · aPt, (10)

where λatt,Pt is the photon attenuation length in platinum, and aCo(Pt) are material attenuation coefficients,

defined as aCo(Pt) = e−dCo(Pt)/λatt,Co(Pt) . For 61.1 eV photons, λatt,Co ∼ 9.20 nm and λatt,Pt ∼ 9.13 nm

respectively. They are ∼ 4 times shorter than the overall thickness of the multilayer system (40.8 nm),

i.e., the pulse intensity attenuation has to be taken into account. The initial condition for Eq. (10) is:

I1(t) = IPtin(t) · aPtin . Here we neglected any intensity attenuation due to resonant magnetic scattering as

the corresponding cross section is much smaller than the photoabsorption cross section [45].
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The time-integrated scattered signal emitted into the ”magnetic” ring, Qm, is then a coherent sum of

contributions from different Co layers within the multilayer system:

S(FPt,in;Qm) = P ·

∫

dt
∣

∣

∣

NCo
∑

n=1

√

In(t) ·M(t) ·

√

aNCo−n
Pt · aNCo−n

Co · aPt,out · e
−i ~Qm· ~Rn

∣

∣

∣

2

, (11)

where In(t) also contains attenuation coefficients (see Eq. (10)). It can be shown that the overall product of

the attenuation coefficients in Eq. (11) is the same for each layer, i.e., the total signal sums the contributions

from different layers with the same ”attenuation” weight. Note also that Eq. (11) accounts for the fact that

during the passage of 61.1 eV photons through Pt layers only a photoabsorption process and no resonant

magnetic scattering can occur, as no resonant core level excitation of Pt is possible at this photon energy

[23].

Comparison of XSPIN model predictions to experimental data.

We have calculated the magnetic scattering signal numerically, using XSPIN results for time-dependent

magnetization obtained for various (attenuated) X-ray fluences in each Co layer of the multilayer system.

Interlayer electron transport was also taken into account (for details, see ”Methods” section). In what follows,

we will use a simplified notation: F ≡ FPt,in and S(F ) ≡ S(F,Qm). Figure 6 shows the result on the

normalized magnetic scattering signal, defined as: Snorm(F ) = S(F ) · F0/S(F0), for ∆ = 1.2 eV. This value

of ∆ corresponds to the half of the FWHM of the Co M-edge peak (see Ref. [23]).

Figure 6 shows the experimental data on Snorm(F ) for X-ray irradiated multilayer system, retrieved from

Ref. [10] (blue points), with an exponential fitting function, Snorm(F ) = F ·exp(d+c·F ) (orange line), yielding

the coefficients, c = −0.035 and d = −0.034 (cf. [10]). The experimental data are compared to the theoretical

prediction for Snorm(F ) obtained with the XSPIN model (black line). The prediction takes the interlayer

electron transport into account. Note that the calculation of Snorm(F ) for the theoretical predictions involves

the multiplication of the theoretical raw signal S(F ) by the factor, F0/S(F0), similarly as it was done for the

experimental data in [10]. Therein, F0 ≈ 0.4 mJ/cm2. The errorbars plotted weight the theoretical results

with the relative experimental error, calculated for the factor, F0/S(F0), from the experimental data. The

calculation used specifically the experimental errorbars for the fluence, F0, and for the normalized scattering

efficiency, Ieff ([10]; Fig. 2 therein). The errorbars give an estimate for the uncertainty of the applied signal

scaling. Note that the experimental data and theory predictions lay within the errorbars.

In the plot, we also show the Snorm(F ) obtained, when assuming a constant magnetization of the sample at

all times, i.e., M(t) = M(0). It starts to deviate from the normalized signal including demagnetization already

for fluences of a few mJ/cm2, indicating the onset of the demagnetization contribution. This observation is

in agreement with the trend seen in the experimental data.

Generally, the limited range of fluences available for the actual experimental points (up to ∼ 40 mJ/cm2)

and the large errorbars do not allow to uniquely extrapolate the data towards higher fluences. For this
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purpose, an additional measurement of magnetic signal at higher fluence values would be helpful. However,

one can expect that at very higher fluences, when structural damage strongly affects the sample, the magnetic

scattering signal should ultimately disappear. Such behaviour has been experimentally observed at high X-ray

fluences in [12].

In any case, it should be emphasized that the region of interest for potential practical applications of X-ray

induced demagnetization lies below the structural damage threshold. In this region, the demagnetization is

a reversible process, i.e., the magnetization of the sample, after a certain recovery time needed for excited

electrons to relax, recovers its equilibrium value. The material can then be demagnetized with X rays again.

With this analysis, we have shown that electronic processes strongly influence magnetic properties of the

sample in this regime. In particular, our XSPIN model that treats electronic damage processes was able

to describe the actual experimental data [10] with a good accuracy. The model can then be applied for

predicting responses of various magnetic samples to X-ray pulses. Such study would be a significant step

towards understanding and controlling X-ray induced femtosecond demagnetization in magnetic materials.

Figure 1: Excitation and relaxation processes treated by XSPIN code.

Figure 2: Calculated density of states for equilibrium fcc cobalt, with schematic indication of the 3p band of
cobalt, and of the probed region in its 3d band. The width of the 3p band is 2∆.
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Figure 3: Normalized magnetization in a single Co layer as a function of time (red line), and the transient
number of excited electrons, i.e., the electrons with energy above the Fermi level (blue line), calculated with
XSPIN for XUV pulse fluence, F= 13 mJ/cm2, corresponding to average absorbed dose of 0.93 eV/atom.
Photon energy was 61.1 eV, as in the experiment [10]. The temporal pulse profile is schematically shown.

Discussion

With the theoretical model, XSPIN, we followed magnetic properties of X-ray irradiated magnetic multilayer

system. We have shown that the demagnetization of such system, induced by X-ray pulses of fluences below

the structural damage threshold, follows as a result of electronic damage processes. During the electronic

relaxation, the occupations of magnetically sensitive levels in ferromagnetic Co transiently change, resulting

in the ultrafast decrease of Co magnetization. Within tens of femtoseconds, the magnetization reaches an

equilibrium value, which remains stable on hundred femtosecond timescale. When one increases the fluence

of X-ray pulse, the magnetization decreases to a lower final value. This is reflected by the decrease of the

time-integrated magnetic scattering signal with increasing X-ray fluence. However, the timescale of the

magnetization decrease is not affected by a change of pulse fluence.

Further, we have shown that a similar behaviour of magnetic scattering efficiency can be observed for

experimentally investigated multilayer systems. The electronic damage within the system layers is addition-

ally influenced by pulse intensity attenuation and interlayer electron transport, which our model takes into

account. Good agreement of our predictions with the data from the experiment by Kobs et al. [10] (within

the limits of experimental accuracy) confirms the fidelity of this physical picture.

Up to our knowledge, the XSPIN model is the first model which couples a comprehensive quantitative

description of X-ray induced electronic damage processes in solids, checked by earlier comparisons of its

predictions with several experimental results on non-magnetic systems, with the description of transient
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(a)

(b)

Figure 4: (a) Scheme of the mSAXS setup, and (b) relation between the scattering vector ~Qm and the

incoming and scattered wave vectors ~k and ~k′ during magnetic scattering.

magnetic processes in solids. An earlier theory model [15] ascribed the decrease of the magnetic scattering

signal (tuned to the Co L3 resonance) to the existence of a stimulated elastic scattering into the forward

direction [17]. This mechanism has not been confirmed by later experiments tuned to the Co M resonance

[10, 11].

Let us emphasize that the current model does not claim an immediate applicability for magnetic samples

irradiated with infrared radiation. Different processes, acting on different timescales, can lead to demagne-

tization. In the X-ray/XUV regime, the electronic damage seems the fastest process which can drive it. It

changes the magnetic state of the sample on a femtosecond timescale before an onset of any other – slower –

process which could otherwise demagnetize the material.

The predominant role of electronic damage for X-ray induced demagnetization, confirmed with our the-

oretical study, opens concrete applicational prospects. As the predominant mechanism responsible for the

demagnetization is the X-ray induced change in occupations of magnetically sensitive levels in a ferromag-

net, by manipulating this change, one can affect the magnitude and timescale of the demagnetization. This

can be done by adjusting the X-ray pulse parameters (wavelength, pulse duration and fluence), as well as

by the choice of magnetic material. Dedicated experimental studies, supported by theory predictions with

XSPIN, should be performed in future in order to investigate options for the control of demagnetization. The

prospective technological applications are wide ranging, including, among others, a possibility to create XUV

light-controlled nanoscopic magnetic switches, operating on femtosecond timescales.
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Figure 5: Schematic view of the Co/Pt multilayer system with incoming, scattered and absorbed radiation.
The system Pt(5.0nm)/[Co(0.8nm)/Pt(1.4nm)]16/Pt(0.6nm) used in [10] consists of 5 nm thick Pt in layer,
16 layers of Co (each 0.8 nm thick), alternating with 15 layers of Pt (each 1.4 nm thick), and 2.0 nm thick
Pt out layer. The actual sample is deposited on a 50 nm thick Si3N4 membrane acting as structural support
placed before the Ptin layer (not shown here). The absorption of incoming radiation in this layer has been
taken into account in our analysis.
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Methods

Modeling interaction of X rays with solid materials, using the code XTANT

Modeling radiation damage in nanoscopic samples and solid materials has been performed for several years

with various simulation techniques, e.g., [28, 46–48]. One of the tools is the hybrid code XTANT (X-ray-

induced Thermal And Nonthermal Transitions) [28, 29, 38, 49]. Using periodic boundary conditions, the

XTANT can simulate evolution of X-ray irradiated bulk materials. The code consists of a few modules

dedicated to simulate various processes induced by the incoming X-ray FEL radiation:

(a) The core of the XTANT model is a band structure module (in [28, 29, 38, 49] based on transferable

tight binding Hamiltonian, in [50] replaced by the DFTB+ code [51]), which calculates the transient electronic

band structure of thermalized LEF electrons and the atomic potential energy surface. The latter also evolves
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Figure 6: Normalized resonant magnetic scattering signal, Snorm(F ) at Co M-edge (in fluence units) shown
as a function of the incoming fluence for Co/Pt multilayer system tested in [10]. Experimental data (blue
points) are shown with the exponential fitting curve to the experimental data (orange line), and with the
theoretical predictions of the XSPIN code for ∆ = 1.2 eV, taking interlayer electron transport into account.
Predictions including the demagnetization (black line), and predictions assuming no demagnetization, i.e.,
M(t) = M(0) (red dashed line) are shown for comparison. The errorbars give an estimate of the uncertainty
of the applied signal scaling.

in time, depending on the positions of atoms in the simulation box, and is used to calculate the actual forces

acting on nuclei.

(b) After the forces act on atoms, the atoms move. Their actual positions are propagated in time, using a

classical molecular dynamics (MD) scheme. It solves Newton equations for nuclei, with the potential energy

surface evaluated from the band structure module.

(c) Electron occupation numbers, distributed on the transient energy levels, are assumed to follow Fermi-

Dirac distribution with a transient temperature and chemical potential evolving in time. The electron tem-

perature changes due to the interaction of band electrons with X-rays and high-energy electrons; or due to

their non-adiabatic interaction with nuclei (through electron–ion scattering [49]).

(d) Non-equilibrium fraction of electrons at high energies (HEF) and Auger decays of core holes are

treated with a classical event-by-event Monte Carlo (MC) simulation. It stochastically models X-ray induced

photoelectron emission from deep shells or from the valence band, the Auger decays, and the scattering of

high-energy electrons. In the code, at each time step an intrinsic averaging over 30000 different Monte Carlo

realizations of electron (and core hole) trajectories is performed, in order to calculate the average electronic

distribution which is then applied at the next time step.

(e) Electron–ion energy exchange is calculated, using a non-adiabatic approach [49]. This energy is

transferred to atoms by the respective velocity scaling at each MD step.
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XTANT’s hybrid approach enables computationally inexpensive simulations of relatively large supercells

(containing up to 1000 atoms). The code treats all predominant excitation and relaxation processes within

an X-ray FEL irradiated sample, including its non-equilibrium evolution stage, thermal and non-thermal

processes, and structural transformations [52]. In particular, all X-ray induced processes exciting electrons

are taken into account in the model. Ballistic electrons are considered as high energy electrons. In the bulk

material, they propagate with the restriction of periodic boundaries.

Features of XSPIN model

(1) We assume that the photons scattered due to the resonant magnetic scattering process do not induce

further magnetic scattering. This ”single-scattering” assumption is justified by the very small cross section

for the resonant magnetic scattering in comparison to the photoabsorption cross section [45].

(2) We also restrict X-ray fluences to be low enough not to cause any structural damage to the materials

during or shortly after the XUV pulse. That permits us to use the equilibrium DOS for Co and Pt. Note

that even with this assumption, the model can still give reliable predictions at fluences slightly higher than

the structural damage threshold. This is because the timescale of atomic displacements during the structural

transformation is then longer than the femtosecond pulse duration, see, e.g., [53–55].

(3) We assume that all band electrons (both from the spin up and from the spin down fractions) undergo

instantaneous thermalization at each time step. The intraband collisions, which lead to the electron ther-

malization, also include spin-flip collisional processes between spin-up and spin-down electrons (cf. [56]). In

such a way, the spin flip processes are implicitly included in our model. Electron–ion coupling is neglected

here, due to ultrashort timescales considered.

Note that the assumption of the instantaneous electron thermalization limits the applicability of the

XSPIN to model X-ray irradiation with X-ray pulses of duration longer than the timescale of electronic

thermalization. We have performed dedicated simulations with the XCASCADE(3D) code [57] to investigate

the timescale of electron cascading process in Co and Pt, which is comparable to the timescale of electron

thermalization. The calculations show that a photon of energy ∼ 61.1 eV (as used in the experiment) creates

on average 3.81 electrons in Co and 5.22 electrons in Pt within 0.2–0.4 fs, both through the excitations from

valence band and from the uppermost core levels. This indicates that the XSPIN model should not be applied

for subfemtosecond X-ray pulses.

(4) Interactions between magnetic domains in (X,Y ) plane are not included, consistently with the Stoner-

Wolfarth model framework of a single magnetic domain [36, 37], used here. Results from a simplistic model

with periodic domains (not shown) indicate that the details on domain structure in (X,Y ) plane should not

significantly affect our results.

(5) X-ray pulses from FERMI facility have a high degree of coherence, as documented in Ref. [5].

Therefore, the total signal scattered from the multilayer sample is calculated as a coherent superposition of

the contributions from individual layers.
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(6) For the XSPIN analysis, we used average fluence values estimated by the experiment [10]. They were

estimated, knowing the beam energy focused into a FWHM focal spot. We assumed that the spatial profile

of X-ray pulse in our simulations was flat-top, with an average fluence. No volume integration of the signal

in the (X,Y ) plane was performed. For a meaningful volume integration, we would need much more precise

information on the spatial pulse profile than provided by the experiment, in particular, the information on

the pulse wings shape.

(7) We included the effect of interlayer electron transport in our predictions. The significant role of electron

transport in demagnetization processes was indicated in earlier works on diffusive spin currents, e.g., [58, 59].

Here, we focus on fast collisional processes influencing the electron distribution within the magnetically

sensitive regime of the 3d band. X-ray photoabsorption processes cause the emission of electrons, both

through direct photoionization as well as through the 3p Auger processes. These ballistic electrons can excite

further electrons in collisional processes. The resulting electron cascades then spread in the material. In

our multilayer sample, the cascade electrons can also enter the neighbouring layers. As mentioned in (3),

dedicated simulations with the XCASCADE(3D) code [57] predicted that a photon of energy ∼ 61.1 eV (as

used in the experiment) created on average 3.81 electrons in Co and 5.22 electrons in Pt within 0.2–0.4 fs,

i.e., almost instantaneously, both through the excitations from valence band and from the uppermost core

levels. The averaging has been performed over 30000 Monte-Carlo cascade realizations. The electron ranges

[44], i.e., the maximal distances traveled by electrons released in a single photoabsorption event until their

energy decreased below ionization threshold, were 1.49 nm and 10.51 nm for Co and Pt respectively. This

clearly indicates that interlayer electron transport cannot be neglected in our multilayer sample, where layer

thicknesses are only: dCo = 0.8 nm and dPt = 1.4 nm. After the electron cascading stops, modifications

within the magnetically sensitive regime of 3d band through collisional ionization processes stop as well. Low

energy electrons propagate further through the material in a diffusive transport. As the energy of these

electrons is located within the magnetically sensitive regime of 3d band, their diffusive transport throughout

the sample, followed by interactions with ”local” 3d electrons, can further modify magnetic properties of the

system. However, it occurs on much longer timescales, as indicated by earlier works on diffusive spin currents,

e.g., [58, 59].

The interlayer electron transport was modeled in the following way in the XSPIN code. First, the

number of additional electrons in each Co layer which arrived from other layers was estimated, knowing the

distribution of absorbed photons and the electron range in Co and Pt materials. Repeated calculations were

then performed with XSPIN, assuming a higher (effective) X-ray pulse fluence, such that would lead to the

production of the increased number of electrons (including additional electrons originating from interlayer

transport). Figure 6 shows the resonant magnetic scattering signal from a multilayer system tested in the

experiment [10]. It was calculated, taking the interlayer electron transport into account.

(8) XSPIN simulations were performed for the supercell containing 64 Co atoms. As we consider fluences

low enough not to cause atomic relocations, such number of atoms is sufficient to get a statistically reliable
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results. This expectation was confirmed by the preceding convergence tests of our results in respect to the

size of the supercell (not shown).

(9) Accuracy of DOS calculations performed for Co/Pt multilayer system: In Figs. 7a and 7b, the compar-

ison is shown between: (i) the density of states calculated for a 4-atomic-layer Co structure and the density of

states calculated for bulk Co, and (ii) between the partial density of states extracted for Co atoms from the

Co-Pt multilayer structure (4 atomic layers of Co followed by 6 atomic layers of Pt) and the density of states

calculated for bulk Co atoms. The presented results clearly indicate that there are no significant differences

between the calculated density of states in all considered cases. In particular, the overlap between Co and

Pt electronic orbitals is of minor importance. Moreover, the densities of state for the 4-atom Co layer in the

vacuum and for the bulk Co system look similar. Thus, the usage of the density of states obtained for bulk

Co for the parametrization of low-energy electronic levels in our code XSPIN seems well justified.

(a)

(b)

Figure 7: Comparison between: (a) density of states calculated for 4-atomic-layer Co structure and the
density of states calculated for bulk Co, and (b) partial density of states for Co atoms extracted from Co-
Pt multilayer structure (4 atomic layers of Co followed by 6 atomic layers of Pt) and the density of states
calculated for bulk Co. All calculations were performed with the VASP code [32–35].

References

[1] W. Ackermann et al. Operation of a free-electron laser from the extreme ultraviolet to the water window.

Nat. Phot., 1:336–342, 2007.

16



[2] P. Emma et al. First lasing and operation of an ångstrom-wavelength free-electron laser. Nat. Phot.,

4:641–647, 2010.

[3] D. Pile. First light from SACLA. Nat. Phot., 5:456–457, 2011.

[4] E. Allaria et al. Highly coherent and stable pulses from the FERMI seeded free-electron laser in the

extreme ultraviolet. Nat. Phot., 6:699–704, 2012.

[5] F. Capotondi et al. Invited Article: Coherent imaging using seeded free-electron laser pulses with variable

polarization: First results and research opportunities. Rev. Sci. Instrum., 84:051301, 2013.

[6] E. Beaurepaire, J.-C. Merle, A. Daunois, and J.-Y. Bigot. Ultrafast Spin Dynamics in Ferromagnetic

Nickel. Phys. Rev. Lett., 76:4250–4253, 1996.

[7] A. Kirilyuk, A. V. Kimel, and T. Rasing. Ultrafast optical manipulation of magnetic order. Rev.Mod.

Phys., 82:2731, 2010.

[8] B. Koopmans, G. Malinowski, F. Dalla Longa, D. Steiauf, M. Fahnle, T. Roth, M. Cinchetti, and

M. Aeschlimann. Explaining the paradoxical diversity of ultrafast laser-induced demagnetization. Nat.

Mat., 9:259, 2010.

[9] D. Sander, S. O. Valenzuela, D. Makarov, C. H. Marrows, E. E. Fullerton, P. Fischer, J. McCord,

P. Vavassori, S. Mangin, P. Pirro, B. Hillebrands, A. D. Kent, T. Jungwirth, O. Gutfleisch, C. G. Kim,

and A. Berger. The 2017 Magnetism Roadmap. J. Phys. D, 50:363001, 2017.

[10] A. Philippi-Kobs, L. Müeller, M. H. Berntsen, W. Roseker, M. Riepp, K. Bagschik, J. Wagner,

R. Frömter, M. Danailov, F. Capotondi, E. Pedersoli, M. Manfredda, M. Kiskinova, M. Stransky, V. Lipp,

A. Scherz, B. Ziaja, H. P. Oepen, and G. Grübel. Ultrafast Demagnetization Excited by Extreme Ul-

traviolet Light From a Free-Electron Laser. https://www.researchsquare.com/article/rs-955056/v1.

[11] M. Schneider, B. Pfau, C. M. Günther, C. von Korff Schmising, D. Weder, J. Geilhufe, J. Perron,

F. Capotondi, E. Pedersoli, M. Manfredda, M. Hennecke, B. Vodungbo, J. Lüning, and S. Eisebitt.

Ultrafast Demagnetization Dominates Fluence Dependence of Magnetic Scattering at Co M Edges.

Phys. Rev. Lett., 125:127201, 2020.

[12] L. Mueller et al. Breakdown of the X-Ray Resonant Magnetic Scattering Signal during Intense Pulses

of Extreme Ultraviolet Free-Electron-Laser Radiation. Phys. Rev. Lett., 110:234801, 2013.

[13] A. Kirilyuk, A.V. Kimel, and T. Rasing. Ultrafast optical manipulation of magnetic order. Rev. Mod.

Phys., 82:2731–2784, 2010.

[14] A. Kirilyuk, A. V. Kimel, and T. Rasing. Erratum: Ultrafast optical manipulation of magnetic order

[Rev. Mod. Phys. 82, 2731 (2010)]. Rev. Mod. Phys., 88:039904, 2016.

17



[15] J. Stöhr and A. Scherz. Creation of X-Ray Transparency of Matter by Stimulated Elastic Forward

Scattering. Phys. Rev. Lett., 115:107402, 2015.

[16] J. Stöhr and A. Scherz. Erratum: Creation of X-Ray Transparency of Matter by Stimulated Elastic

Forward Scattering [Phys. Rev. Lett. 115, 107402 (2015)]. Phys. Rev. Lett., 116:019902, 2016.

[17] B. Wu, T. Wang, C. E. Graves, D. Zhu, W. F. Schlotter, J. J. Turner, O. Hellwig, Z. Chen, H. A. Dürr,

A. Scherz, and J. Stöhr. Elimination of X-Ray Diffraction through Stimulated X-Ray Transmission.

Phys. Rev. Lett., 117:027401, 2016.

[18] T. Wang et al. Femtosecond Single-Shot Imaging of Nanoscale Ferromagnetic Order in Co/Pd Multilayers

Using Resonant X-Ray Holography. Phys. Rev. Lett., 108:267403, 2012.

[19] J. P. Hannon, G. T. Trammell, M. Blume, and D. Gibbs. X-Ray Resonance Exchange Scattering. Phys.

Rev. Lett, 61:1245, 1998.

[20] J. P. Hill and D.F. McMorrow. X-ray Resonant Exchange Scattering: Polarization Dependence and

Correlation Functions. Acta Cryst., A52:236, 1996.

[21] T. Brueckel. Atomic and Magnetic Structures in Crystalline Materials: Neutron and X-ray Scattering.

Report D1, Forschungzentrum Juelich.

[22] C. Gutt, S. Streit-Nierobisch, L.-M. Stadler, B. Pfau, C. M. Günther, R. Könnecke, R. Frömter, A. Kobs,

D. Stickler, H. P. Oepen, R. R. Fäustlin, R. Treusch, J. Feldhaus, E. Weckert, I. A. Vartanyants,

M. Grunze, A. Rosenhahn, T. Wilhein, S. Eisebitt, and G. Grübel. Single-pulse resonant magnetic

scattering using a soft x-ray free-electron laser. Phys. Rev. B, 81:100401, 2010.

[23] F. Willems et al. Multi-color imaging of magnetic Co/Pt heterostructures. Str. Dyn., 4:014301, 2017.

[24] M. Riepp et al. Ultrafast Magnetisation Dynamics at the Low-Fluence Limit Supported by External

Magnetic Fields. In 39th Free Electron Laser Conference (FEL’19), Hamburg, Germany, 26-30 August

2019, pages 574–577. JACOW Publishing, Geneva, Switzerland, 2019.

[25] C. Bran. Domain structure and magnetization processes of complex magnetic multilayers. PhD Thesis,

Technical Univ. Dresden, 2010.

[26] J. P. Hannon, G. T. Trammell, M. Blume, and D. Gibbs. X-Ray Resonance Exchange Scattering. Phys.

Rev. Lett., 61:1245–1248, 1988.

[27] O. Hellwig, A. Berger, J.B. Kortright, and E.E. Fullerton. Domain structure and magnetization reversal

of antiferromagnetically coupled perpendicular anisotropy films. J. Magn. Magn. Mater., 319:13, 2007.

[28] N. Medvedev, H. O. Jeschke, and B. Ziaja. Nonthermal phase transitions in semiconductors induced by

a femtosecond extreme ultraviolet laser pulse. New J. Phys., 15:015016, 2013.

18



[29] N. Medvedev, V. Tkachenko, V. Lipp, Z. Li, and B. Ziaja. Various damage mechanisms in carbon and

silicon materials under femtosecond X-ray irradiation. 4open, 1:3, 2018.

[30] P. Werner, M. Eckstein, M. Mueller, and G. Refael. Cooling by photo-doping: Light-induced symmetry

breaking in the Hubbard model. Nat. Commun., 10:5556, 2019.

[31] K. Sandholzer, Y. Murakami, F. Goerg, J. Minguzzi, M. Messer, R. Desbuquois, M. Eckstein, P. Werner,

and T. Esslinger. Quantum Simulation Meets Nonequilibrium Dynamical Mean-Field Theory: Exploring

the Periodically Driven, Strongly Correlated Fermi-Hubbard Model. Phys. Rev. Lett., 123:193602, 2019.

[32] The Vienna Ab initio Simulation Package: Atomic scale materials modelling from first principles.

https://www.vasp.at.

[33] G. Kresse and J. Hafner. Ab initio molecular-dynamics simulation of the liquid-metal–amorphous-

semiconductor transition in germanium. Phys. Rev. B, 49:14251–14269, May 1994.

[34] G. Kresse and J. Furthmüller. Efficient iterative schemes for ab initio total-energy calculations using a

plane-wave basis set. Phys. Rev. B, 54:11169–11186, Oct 1996.

[35] G. Kresse and D. Joubert. From ultrasoft pseudopotentials to the projector augmented-wave method.

Phys. Rev. B, 59:1758–1775, Jan 1999.

[36] E. C. Stoner and E. P. Wohlfarth. A mechanism of magnetic hysteresis in hereogeneous alloys. Phil.

Trans. R. Soc. London A, 240:599, 1948.

[37] C. Tannous and J. Gieraltowski. The Stoner-Wohlfarth model of ferromagnetism. Eur. J. Phys, 29:475,

2008.

[38] N. Medvedev and B. Ziaja. Multistep transition of diamond to warm dense matter state revealed by

femtosecond X-ray diffraction. Sci. Rep., 8:5284, 2018.

[39] D. E. Cullen, J. H. Hubbell, and L. Kissel. EPDL97: the evaluated photo data library97 version.

Technical report, Lawrence Livermore National Lab., CA (United States), 1997.

[40] S.T. Perkins, D.E. Cullen, M.H. Chen, J. Rathkopf, J. Scofield, and J.H. Hubbell. Tables and graphs of

atomic subshell and relaxation data derived from the LLNL Evaluated Atomic Data Library (EADL),

Z= 1–100. Technical report, Lawrence Livermore National Lab., CA (United States), 1991.

[41] A. Thompson et al. X-ray Data Booklet. Technical report, Lawrence Berkeley National Laboratory,

University of California, Berkely, CA 94720, 3rd edition, 2009.

[42] J. Stöhr and H. C. Siegmann. Magnetism: From Fundamentals to Nanoscale Dynamics. Springer, New

York, 2006.

19



[43] B. Pfau et al. Ultrafast optical demagnetization manipulates nanoscale spin structure in domain walls.

Nat. Commun., 3:1100, 2012.

[44] R. Follath et al. X-ray induced damage of B4C-coated multilayer materials under various irradiation

geometries. Sci. Rep., 9:2029, 2019.

[45] S.-K. Son, L. Young, and R. Santra. Impact of hollow-atom formation on coherent x-ray scattering at

high intensity. Phys. Rev. A, 83:033402, 2011.

[46] B. Murphy et al. Femtosecond X-ray-induced explosion of C60 at extreme intensity. Nat. Commun.,

5:4281, 2014.

[47] P.J. Ho et al. The role of transient resonances for ultra-fast imaging of single sucrose nanoclusters. Nat.

Commun., 11:167, 2020.

[48] K. R. Beyerlein et al. Ultrafast nonthermal heating of water initiated by an X-ray Free-Electron Laser.

PNAS, 115:5652, 2018.

[49] N. Medvedev, Z. Li, V. Tkachenko, and B. Ziaja. Electron-ion coupling in semiconductors beyond

Fermi’s golden rule. Phys. Rev. B, 95:014309, 2017.

[50] V. Lipp et al. Density Functional Tight Binding approach utilized to study X-ray-induced transitions

in solid materials. Sci. Rep., 12:1551, 2022.

[51] B. Hourahine et al. DFTB+, a software package for efficient approximate density functional theory

based atomistic simulations. J. Chem. Phys., 152:124101, 2020.

[52] N. Medvedev, H. Jeschke, and B. Ziaja. Nonthermal graphitization of diamond induced by a femtosecond

x-ray laser pulse. Phys. Rev. B, 88:224304, 2013.

[53] F. Tavella et al. Soft x-ray induced femtosecond solid-to-solid phase transition. H. En. Dens. Phys,

24:22, 2017.

[54] I. Inoue et al. Atomic-Scale Visualization of Ultrafast Bond Breaking in X-Ray-Excited Diamond. Phys.

Rev. Lett,, 126:117403, 2021.

[55] V. Tkachenko et al. Limitations of Structural Insight into Ultrafast Melting of Solid Materials with

X-ray Diffraction Imaging. Appl. Sci., 11:5157, 2021.

[56] K. Carva, M. Battiato, and P. M. Oppeneer. Ab Initio Investigation of the Elliott-Yafet Electron-Phonon

Mechanism in Laser-Induced Ultrafast Demagnetization. Phys. Rev. Lett., 107:207201, 2011.

[57] V. Lipp, N. Medvedev, and B. Ziaja. Classical Monte-Carlo simulations of x-ray induced electron

cascades in various materials. Proc. SPIE, 10239:102360H, 2017.

20



[58] M. Battiato, K. Carva, and P. M. Oppeneer. Superdiffusive Spin Transport as a Mechanism of Ultrafast

Demagnetization. Phys. Rev. Lett, 105:027203, 2010.

[59] M. Battiato, K. Carva, and P. M. Oppeneer. Theory of laser-induced ultrafast superdiffusive spin

transport in layered heterostructures. Phys. Rev. B, 86:024404, 2012.

21


