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Abstract: The vision to manipulate and control magnetism with light is driven on the one hand by
fundamental questions of direct and indirect photon-spin interactions, and on the other hand by the
necessity to cope with ever growing data volumes, requiring radically new approaches on how to
write, read and process information. Here, we present two complementary experimental geometries
to access the element-specific magnetization dynamics of complex magnetic systems via ultrafast
magneto-optical spectroscopy in the extreme ultraviolet spectral range. First, we employ linearly
polarized radiation of a free electron laser facility to demonstrate decoupled dynamics of the two
sublattices of an FeGd alloy, a prerequisite for all-optical magnetization switching. Second, we use
circularly polarized radiation generated in a laboratory-based high harmonic generation setup to
show optical inter-site spin transfer in a CoPt alloy, a mechanism which only very recently has been
predicted to mediate ultrafast metamagnetic phase transitions.

Keywords: ultrafast demagnetization dynamics; transient absorption spectroscopy; free electron laser;
high harmonic generation
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1. Introduction

The absorption of a femtosecond laser pulse by a thin magnetic film induces a non-equilibrium
and spin-dependent electron distribution that triggers a cascade of microscopic processes and causes
a very rapid change in the magnetization [1,2]. Spin-orbit coupling mediates spin-flips in scattering
events and leads to a local loss of the magnetization [3]. Magnon generation quenches the long-range
magnetic order [4–6], and the spin-dependent transport properties of excited electrons trigger spin
currents and redistribute spin angular momentum within the sample [7,8].

One of the most fascinating observations in the field of femtomagnetism is all-optical switching,
which was first discovered in the rare earth-transition metal alloy, FeGd [9]. Upon optical excitation,
the antiferromagnetically coupled Gd and Fe sites can be promoted into a transient ferromagnetic state,
which mediates a reversal of macroscopic magnetization [10,11]. Microscopically, this is understood by
a transient suppression of the inter-atomic exchange interaction due to ultrafast heating of the electrons,
enabling an independent response of the rare earth and transition metal sublattices. Upon cooling,
angular momentum exchange breaks the symmetry of the system and leads to magnetization switching.
Because of the low specific heat of electrons, all-optical switching is inherently energy efficient with
obvious potential for applications.

Very recently, a completely new mechanism to manipulate the magnetic structure has been put
forward theoretically: laser pulse excitation induces an optical inter-site spin transfer (OISTR) in
multi-element magnetic systems [12]. This spin manipulation is of a purely optical nature and is
therefore one of the fastest ways to manipulate spins by light. The authors of this theoretical study
also predicted that the spin-selective charge transfer between distinct sites can lead to a metamagnetic
phase transition, switching the magnetic order from an antiferromagnetic to a transient ferromagnetic
alignment. In the last two years, a number of experiments demonstrated signatures of OISTR, both
in the optical [13,14] as well as in the extreme ultraviolet (XUV) [15–18] spectral range. The latter
experiments were carried out with high harmonic generation (HHG) sources and exploited the
element specificity of resonant core-to-valence state transitions. Here, the sensitivity to the local
magnetic moment can be easily explained by a two step model [19]: if circularly polarized photons
are absorbed by core level electrons with finite spin-orbit interaction the resulting photoelectrons
become spin-polarized. Then, the helicity-dependent absorption strength in the material depends on
the spin imbalance of the ferromagnet, with different numbers of available states for majority and
minority electrons in the exchange-split valence band. Therefore, the observable, calculated as the
difference of the transmitted light intensity for opposite circular polarization, is directly proportional
to the magnetization and is called magnetic circular dichroism (MCD). More generally, the optical
response around such a resonant transition in magnetic materials can be parameterized by a complex
magneto-optical function.

While time resolved MCD measurements have been pioneered in the soft X-ray range at the
L-edges of transition metals, in particular, at the femto-slicing beamline at BESSY, HZB, Germany [20],
in the last decade a lot of effort has been devoted to transferring resonant probing techniques of
magnetization to more shallow resonances in the XUV spectral range, both at free electron laser (FEL)
facilities [21] and at laboratory-based HHG sources in reflection [22,23] or transmission geometry [24].
Research has focused on tracking laser-driven, ultrafast spin transport either using the transverse
magneto-optical Kerr effect [25,26] or by exploiting the short wavelength of the XUV radiation in
time-resolved small angle X-ray scattering experiments [27–30] as well as via ultrafast coherent
imaging experiments [31]. Furthermore, the great potential of probing magnetization with resonant
XUV radiation was convincingly demonstrated in a series of experiments, which showed that
transient spectra can provide fingerprint signatures of microscopic processes responsible for ultrafast
demagnetization, in particular differentiating Heisenberg type delocalized magnon or Stoner type
spin-flip excitations [32–34].

In this contribution, we present two complementary experiments dedicated to an element-specific
view of femtomagnetism based on ultrafast XUV spectroscopy of multi-component magnetic systems
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performed at the FEL facility, FLASH, DESY, Hamburg and at a HHG beamline at the Max Born
Insitute, Berlin. At the FEL facility, we exploit the dispersive (real) part of the magneto-optical functions
in a resonant Faraday rotation geometry to study the ultrafast response of an FeGd alloy and reveal
decoupled dynamics of the two sublattices Gd and Fe. In the experiment using HHG radiation,
we compare the ultrafast response of a Co film and a CoPt alloy by measuring the absorptive (imaginary)
part of the magneto-optical functions in an MCD experiment. Here, we were able to demonstrate that
OISTR between Pt and Co atoms in the two-component CoPt alloy dominates the early time dynamics
and leads to a faster and more efficient demagnetization.

2. Results and Discussions

2.1. Static Magneto-Optical Functions

Before we discuss the time resolved experiments, we briefly review details on the complex
magneto-optical function in the XUV spectral range, which allows us to probe the element-specific
response of multi-component magnetic systems.

Linearly polarized electromagnetic radiation can be decomposed into two circularly polarized
waves with opposite helicity and equal amplitude. Its propagation through a magnetized material is
then characterized by the complex index of refraction:

n±(E) = 1− (δ(E)± ∆δ(E)) + i (β(E)± ∆β(E)) . (1)

δ(E) and β(E) are the dispersive and absorptive parts of the electro-optical functions valid at
the photon energy, E, and describe the interaction with non-magnetic materials. The effect of the
magnetization is given by the magneto-optical functions ∆β(E) and ∆δ(E). The positive and negative
sign refers to either parallel or antiparallel alignment of the magnetization with respect to the wave
vector of the incident radiation. Equation (1) directly implies that the element specific magnetization
can be accessed either via the dispersive or absorptive part of the magneto-optical function, leading to
two possible experimental configurations in a transmission geometry, MCD and Faraday rotation.

The absorptive magnetic contribution, ∆β, leads to a difference in transmitted intensity, I±, between
left and right circularly polarized light and is generally referred to as MCD. It is defined for a sample
with thickness, d, as:

∆β(E) = − h̄c
4Ed

ln
(

I+
I−

)
. (2)

The dispersive magnetic contribution, ∆δ, leads to a difference in the phase of the two oppositely
polarized modes and rotates the plane of polarization of the incoming radiation. The corresponding
rotation angle, θF, is called Faraday angle and can be expressed as:

θF(E) =
Ed
h̄c

∆δ. (3)

This equation is valid for a normal incident geometry and an out-of-plane magnetization, such that
refraction of the radiation at the sample interfaces does not need to be considered [24,35–37].

In Figure 1, we show the magneto-optical functions of an Fe26Gd74 (15 nm thickness) alloy at
the Gd N4,5 resonance (4d → 4f ) around 150 eV and at the Fe M2,3 (3p → 3d) resonance around
55 eV. The measurements were performed at the UE112 beamline of the BESSY II synchrotron light
source, HZB, Germany. We recorded I± and calculated the values of ∆β according to Equation (2).
The corresponding dispersive part, ∆δ, is determined via the Kramers–Kronig relation. Note that,
because the magneto-optical functions are equal to zero away from the resonance, the connecting real
or imaginary part of the complex response function n±(E) can be computed with high accuracy [38].
We also show the deduced Faraday rotation, which reaches a maximum of ≈ 0.36 deg/nm for Gd
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around 149 eV and ≈ 0.07 deg/nm for Fe around 56 eV. Note that this is about an order of magnitude
larger than in the visible spectral range.

Co exhibits a magneto-optical function around its M2,3 resonance with a similar shape and
magnitude compared to Fe: the absorptive part reaches a maximum of ∆β ≈ −0.014 at 60.3 eV.
In a CoPt alloy, Co atoms induce a finite magnetic moment at their nearest neighbor Pt atoms with
parallel aligned magnetic moments (cf. Figure 2e). In the spectral range between 45 and 72.5 eV,
we can probe the local magnetization of Pt via the Pt O2,3 and Pt N7 resonances at 51.7, 65.3 and
71.2 eV, respectively [24,39]. For more details on the magneto-optical functions of the transition
metals, as well as their ab initio description in a static and transient state, we refer to our recent works
Willems et al. [38] and Dewhurst et al. [40].
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Figure 1. Magneto-optical functions, ∆β and ∆δ, of an Fe26Gd74 alloy (a) at the Gd N4,5 resonance
around a photon energy of E = 150 eV as well as (b) at the Fe M2,3 resonance around a photon energy
of E = 55 eV. The dispersive part, ∆δ, is retrieved by the Kramers–Kronig relation and θF is calculated
according to Equation (3).
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Figure 2. (a) Scheme of a Faraday setup using single color FEL radiation. A linearly polarized
XUV pulse is transmitted through the sample and the Faraday rotation is detected by a Rabniovitch
polarimeter. (b) Scheme of an MCD setup using HHG radiation. The multiple emission peaks of the
radiation are circularly polarized by a reflective phase-shifter, transmitted through the magnetic sample
and detected by a spectrometer. In both setups, we realized a pump-probe geometry to measure optical
driven ultrafast magnetization dynamics. Schematic depiction of (c) an out-of-plane magnetized FeGd
alloy and of an in-plane magnetized (d) Co and (e) CoPt film.
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2.2. Time Resolved Faraday Rotation

In this section, we present time resolved measurements based on the resonant Faraday Effect to
demonstrate distinct ultrafast magnetization dynamics of the two magnetic sublattices of an FeGd
ferrimagnetic alloy. The magnetic structure of the FeGd is schematically depicted in Figure 2c with Fe
and Gd antiferromagnetically aligned in an out-of-plane direction. In panel (a) of Figure 2, we show
the scheme of the experiment, as implemented at the beamline BL2 of the FEL facility FLASH, at DESY
in Hamburg, Germany [41]. Linearly polarized pulses with a temporal duration between 50–80 fs
are tuned to a photon energy resonant with either the Fe M2,3 at ≈ 56 eV or with the Gd N4,5 edge
at ≈ 149 eV and impinge on the sample under normal incidence. The fluence of the XUV radiation
is adjusted to remain below 1 mJ cm−2 to avoid an influence of the probe pulses on the dynamics
and to limit the risk of sample damage. The magnetization of Fe26Gd74 (15 nm thickness) can be set
with an external magnetic field to point parallel (B+) or antiparallel (B−) to the wave vector of the
probe pulses. After transmission through the magnetic sample, the polarization of the XUV pulses is
analyzed by a Rabinovitch polarimeter [42], consisting of a mirror aligned at the Brewster angle and an
XUV sensitive photo diode. For Gd, the analyzer is a multilayer mirror (OptixFab GmbH, Jena) which
has been optimized for a large contrast between the reflectance of s- and p-polarized light centered
at 150 eV with a full width at half maximum of 10 eV. The reflectances, Rs,p, of the multilayer mirror
were determined by a calibration measurement at the light source of the German national metrology
institute, PTB, Berlin, Germany, using 99.3% degree p-polarization. For Fe, we used a gold coated
mirror. The polarizing power of the analyzer elements is defined as P = (Rs − Rp)/(Rs + Rp) and
listed with the respective reflectances in Table 1. The mirror–detector assembly can be rotated around
the beam axis by the azimuthal angle α. Pump pulses centered at a wavelength of 800 nm, with a pulse
duration of <60 fs and with a fluence of ≈ 5 mJ cm−2 excite the sample in a collinear geometry to
induce an ultrafast demagnetization. The time resolution is estimated to remain below 100 fs in all
experiments, taking into account the temporal jitter of arrival times between optical and XUV pulses.
Measurements are performed in a repetitive pump-probe scheme by averaging 100 shots at a 10 Hz
repetition rate for each rotation angle or time delay. All data are normalized shot-to-shot by the photon
numbers recorded by the gas monitor detector of the FLASH photon diagnostics.

Table 1. Reflectances, Rs,p, and polarizing power, P = (Rs − Rp)/(Rs + Rp), of the analyzer mirrors.
The values for the ML mirror were determined at the Metrology Light source of PTB, Berlin, and
the values for the Au mirror were calculated with a tabulated index of refraction at 56 eV [43].
The Brewster angles are measured in a grazing incidence geometry.

Analyzer Brewster Angle Rs(%) Rp(%) P

ML for 150 eV 45◦ 7.0 0.021 0.994
Au miror for 56 eV 49◦ 5.5 0.28 0.903

The XUV intensity recorded with the XUV photo diode is a function of the azimuthal rotation
angle, α, and is given by [36]:

I± =
1
2

I0T(Rs + Rp) [1 + PLinP cos(2α± 2θF)] , (4)

where I0 is the incident intensity, T the transmittance of the sample and PLin takes into account the small
effects due to an induced ellipticity of the beam after transmission through the magnetized sample.

In Figure 3a, we show the measured intensity for photon energies resonant at the Gd N4,5 edge.
The measurements before optical excitation at t = −10 ps for two opposite magnetization directions of
the sample are shifted by 2θF = 4◦. We note that the rotation angle is smaller than the maximum value
that is predicted according to the measurement shown in Figure 1. We attribute this to the uncertainty
in determining the absolute photon energy combined with the difficulty to scan the photon energy
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with fixed undulator gaps at FLASH. The spectral bandwidth of the FEL radiation on the order of 1–2%
also results in an effectively smaller value of θF. At 3 ps after optical excitation, we completely quench
the magnetization and, consequently, the two measurements for opposite magnetization directions lie
on top of each other and are centered around α = 0◦. In Figure 3b, we show the magnetic asymmetry
calculated as A = (I+ − I−)/(I+ + I−). Before time delay zero, we observe a very large asymmetry of
approximately 40 % at a rotation angle of α = ±4◦, while 3 ps after optical excitation, the asymmetry
is almost completely zero for all angles α.

-10 -5 0 5 10
0

10

20

30

40

50
a)

 t = -10 ps M+
 t = -10 ps M-

 t =    3 ps M

-10 -5 0 5 10

-0.4

-0.2

0

0.2

0.4

b)

  t = -10 ps
  t =    3 ps

Figure 3. (a) Detected intensity after reflection off the analyzer mirror as a function of rotation angle, α,
for E ≈ 149 eV, resonant at the N4,5 edge of Gd. The two measurements before optical excitation at
t = −10 ps for two opposite directions of the sample magnetization, M±, are shifted by the Faraday
angle 2θF = 4◦. After optical excitation at t = 3 ps, the Faraday angle is zero, θF = 0, and the
measurements are centered around α = 0◦, independent of the applied magnetic field. The lines are
non-linear least square fits according to Equation (4). (b) Magnetic asymmetry before and after optical
excitation is shown as a function of the analyzer angle. The maximum value reaches very large values
of approximately ±40% for ±α = ±2θF = ±4◦.

In Figure 4a, we show the intensity I± measured at an angle of α = 4◦ as a function of the time
delay between the optical excitation and the XUV probe pulses. Upon excitation, we observe an
ultrafast drop or increase in the intensity depending on the magnetization direction of the sample.
For the approximation that α± θF � 1 rad and for PLin ≈ 1, we can show that [37]:

I+ − I− ∝ θF ∝ ∆δ ∝ M. (5)

We normalize our observable, proportional to M(t), to the average value before optical excitation,
M0, and show the corresponding relative changes in the magnetization as a function of time delay in
Figure 4b. A nonlinear least square fit of the data with a mono-exponential function convolved with
the temporal resolution of the experiment yields a demagnetization amplitude of the Gd sublattice by
approximately 80% with a corresponding time constant of τ = (233± 16) fs. Analogously measured
time resolved data M(t)/M0 at the Fe M2,3 edge are shown in Figure 4c. While the amplitude of the
demagnetization after 1 ps is comparable between the Fe and Gd sublattices, in Fe, we observe a
significantly faster time constant of only τ = (94± 16) fs. Distinct demagnetization times of the Gd and
Fe sublattices in an FeGd alloy have been observed before in time resolved magnetic circular dichroism
experiments. The microscopic origin has been explained by an ultrafast reduction in the interatomic
exchange interaction due to the rapid heating of the electronic system close to, or even above the Curie
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temperature [10]. The demagnetization of the two sublattices is then allowed to proceed independently
and scales with the very different magnetic moments of Fe (µat ≈ 2.22 µB) and Gd (µat ≈ 7.55 µB) [44].
As mentioned above, distinct sublattices with a different ultrafast magnetic response are a prerequisite
for the formation of a transient ferromagnetic alignment of the two sublattices and, hence, for the
occurrence of all-optical magnetic switching [45]. There are two more aspects which are noteworthy:
first, as we qualitatively confirm the results of the FeGd demagnetization dynamics carried out
with the established technique of MCD in the soft-X-ray range [10,44,46], we conclude that ultrafast
Faraday rotation is indeed an accurate observable for the transient magnetization. Second, a lot of
research in resonant XUV spectroscopy has recently been devoted to exploring a potential influence
of transient changes in the electro-optical functions β(t) and δ(t) to MCD signals [26,29,34,47–49].
Transient changes in the transmission, T [18], or reflection [50] at a core-valence band transition have
been shown to be on the order of a few percent, and hence of a similar magnitude compared to the
changes in MCD signals in the XUV spectral range [38]. This is different for the Faraday rotation.
On the one hand, we observe very large asymmetries of up to 40% and, on the other hand, small
relative changes in the transmission, T, have a negligible influence on (I+ − I−) for α� 1, as is easily
verified by inspection of Equation (4). Therefore, non-equilibrium electron distributions are expected
to have an insignificant effect on the extracted magnetization dynamics.
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Figure 4. (a) Measurements of I± for opposite magnetization directions, M±, as a function of the time
delay at the Gd N4,5 resonance at E ≈ 149 eV. Corresponding values of M(t)/M0 (b) for the Gd and
(c) Fe sublattice determined according to Equation (5). Solid lines are non-linear least-square fit with a
monoexponential function with a time constant τ = (233± 16) fs and τ = (94± 15) fs for Gd and Fe,
respectively.

2.3. Time Resolved Magnetic Circular Dichroism and Helicity-Dependent Absorption

In the second part of this paper, we present recent results on the hypothesis that tailored chemical
heterogeneities in magnetic systems can be used to enhance the ultrafast magnetic response after
optical excitation. As outlined in the introduction, in multi-component magnetic systems with sites
exhibiting a distinct number of available states above the Fermi energy, OISTR can become an important
mechanism for ultrafast demagnetization. To this end, we have compared the ultrafast magnetization
dynamics of an elemental Co film and Co0.5Pt0.5 alloy via MCD in transmission geometry [18],
as schematically depicted in Figure 2b. We generate high harmonic radiation by focusing intense
laser pulses into a neon-filled gas cell, leading to discrete harmonic emission peaks in the spectral
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range between ≈40–72 eV with a width of ≈200 meV. The state of polarization is controlled by a
four-mirror phase-shifter [24,51,52], resulting in a high degree of circular polarization of >80% in the
energy range between 50 and 65 eV. The broadband XUV spectrum is transmitted through the sample,
energetically dispersed and measured by a charged coupled device (CCD). As both magnetic films,
Co and CoPt, have their easy magnetization direction oriented in the sample plane (cf. schematic
in Figure 2d,e), we mounted the sample at θ = 45◦ with respect to the incoming wave vector of the
XUV light to ensure a finite projection onto the in-plane magnetization. The samples were excited
in a collinear geometry with laser pulses centered at a wavelength of λ = 800 nm, a fluence of
≈15 mJ cm−2 and a pulse length of 39 fs. The experiment is carried out at a 3 kHz repetition rate.

We measure the transmitted intensity, I±(E, t, M±), for two opposite magnetization directions by
toggling the external magnetic field, B±. Note that measurements with opposite magnetization
directions of the sample but with a fixed helicity of the light is equivalent to measurements
with opposite helicities but a fixed magnetization direction [19]. The magnetic asymmetry,
A, is approximately proportional to the MCD contrast and is given by:

A =
I+ − I−
I+ + I−

≈ 1
2

ln
(

I+
I−

)
= −2Ed

h̄c
∆β ∝ M. (6)

To increase the signal to noise ratio, we record the incoming spectrum with a second spectrometer
and repeat the time delay scans up to 100 times. The total measurement time per sample amounts to
about 4 h for each sample. For more details on the experimental details, we refer to Yao et al. [53].

In Figure 5, we show the magnetic asymmetry as a function of the time delay after optical
excitation. The asymmetry for the elemental Co film measured at the Co M2,3 edge is A = −6.6%,
which drops with a time constant τ(Co : CoM2,3) = (124± 4) fs by 20%. For the CoPt alloy, we
follow the element-specific response by recording the respective sublattices at the Co M2,3 edge as
well as at the Pt O3 and N7 edge independently in the same measurement. Here, the asymmetries
are smaller and remain below 1%. Note that the small asymmetries in XUV MCD compared to
Faraday rotation measurements require a significantly better noise management. The rms value
for A before t = 0 fs corresponds to < 3× 10−4, yielding an excellent signal to noise ratio of our
data. Non-linear least square fits (solid lines) reveal an equivalent response with a demagnetization
amplitude of 80% and time constants of τ(CoPt : Co M2,3) = (86± 3) fs, τ(CoPt : Pt O3) = (84± 7)
fs, τ(CoPt : Pt N7) = (92 ± 11) fs. A priori, identical local demagnetization times for Co and Pt
are an unexpected result, because it is generally assumed that an important process responsible for
ultrafast demagnetization relies on spin-flip scattering processes, which are mediated by spin-orbit
interaction. With an approximately 10-times larger spin-orbit coupling in Pt compared to Co, we would
anticipate a larger demagnetization rate localized at the Pt sites. This is, however, not what we observe.
Additionally, we recall that CoPt compared to Co exhibits a significantly higher demagnetization rate
and efficiency. This strongly suggests that an additional demagnetization channel is active in the
two-component alloy CoPt. In the following section, we will demonstrate that this process can be
identified as OISTR.

In Figure 6, we show a calculation of the laser-driven spin-dependent 3d electron occupation,
∆nmin/maj(t) = nmin/maj(t)− nmin/maj(t < 0) around the Fermi energy of Co in the CoPt alloy and of
the elemental Co film. The simulations are performed using a fully non-collinear version of TD-DFT as
implemented within the Elk code [54]. Upon laser pumping, electrons are excited to available states
above the Fermi energy. Because the density of states of the spin-split 3d band of Co is dominated
by available minority states, minority electrons are reshuffled more efficiently. In elemental Co, we
observe a small loss of majority electrons (spin up) and a small increase in minority electrons (spin
down), which we can attribute to spin-flips, leading to the observed loss of magnetization. However,
much more prominent is the very large gain in minority electrons in CoPt above the Fermi energy,
significantly exceeding the loss of minority electrons below the Fermi energy (red dashed line). It is
worth also noting that this is much more pronounced compared to the minority response of elemental
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Co (blue dashed line). The additional minority electrons stem from the Pt sublattice and are transferred
in an optical transition between the respective d minority states.
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Figure 5. The magnetic asymmetry, A (MCD), of the Co film and the CoPt alloy as a function of the
time delay for three different photon energies corresponding to the Co M2,3 edge at 60.3 eV and to
the Pt O3 and N7 edge at 54.1 eV and 72.6 eV, respectively. The lines are non-linear least square fits.
The rms value for values before t = 0 fs corresponds to <3× 10−4 yielding an excellent signal to noise
ratio in spite of small asymmetry values.
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Figure 6. We show a calculation of the laser induced changes in the spin-dependent electron
occupations in the 3d band, ∆nmin/maj around the Fermi energy for Co in the CoPt alloy (red lines) and
for elemental Co (blue lines). Laser excitation promotes electrons from occupied states below the Fermi
energy to available states above the Fermi energy. Minority states (spin down) of Co in the CoPt alloy
are filled much more efficiently than in the elemental Co, indicating a transfer of minority states from
Pt 5d to Co 3d states, significantly increasing the efficiency of the demagnetization dynamics. This is
schematically indicated in the left panel with minority electrons transferred from Pt to Co.

To experimentally demonstrate that the minority 3d states of Co in CoPt are indeed efficiently
filled in an OISTR process, we examine the helicity-dependent absorption channels individually.
We calculate the absorption as µ± = 1− I±, neglecting the small reflectance in the XUV spectral range.
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We show the normalized result in Figure 7 as a function of time delay between −50 fs and 100 fs: in the
left panels, we plot the experimental data for Co and CoPt; in the right panels are the corresponding
theoretically calculated values. Importantly, careful theoretical analysis shows that we can associate
the transient absorption changes µ/µ0 measured with opposite magnetization directions M+ and M−
with transitions predominantly into the majority and minority states, respectively.
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Figure 7. Normalized helicity-dependent absorption, µ/µ0 as a function of time delay for Co (blue
squares) and CoPt (red circles). In the left panels, we show data measured at the Co M2,3 resonance
at 60 eV; in the right panel are the corresponding calculations. A positive magnetic field, M+,
predominantly probes changes in majority occupations (spin up) and a negative magnetic field, M−,
predominantly probes changes of the minority occupations (spin down). In CoPt we can clearly see
that the absorption into minority states very rapidly decreases, which we interpret as the efficient filling
of minority states by OISTR—i.e., transitions of Pt 5d to Co 3d minority states.

The most apparent differences of µ/µ0 between the elemental Co and CoPt alloy is the response
of the absorption for a sample magnetized in M− direction (open symbols in Figure 7): in Co,
the absorption slightly increases or stays constant while in CoPt the absorption drops immediately
after optical excitation. The interpretation is now straightforward and can be linked with the transient
occupation changes, ∆nmin, shown in Figure 6: efficient filling of Co minority states above the Fermi
energy by OISTR from Pt reduces the available final states for transitions, leading to an ultrafast drop
of absorption. In elemental Co, this is not observed, again consistent with the transient occupations
shown in Figure 6. The theoretical calculation of the exact same observable, µ/µ0, reproduces our
experimental finding very well [18].

Finally, we remark that the distinct response between the absorption measured with different
magnetization directions of the sample (or opposite helicities), as observed in the experiment,
further strongly supports the theoretical finding that helicity-dependent absorption measures the
spin-resolved transient changes of the occupations around the Fermi level of a specific element for
early times after optical excitation (≈100 fs).

3. Conclusions

As optically induced functionalities of magnetic materials are closely linked to the ultrafast interplay
of different elements within a magnetic system, access to element-specific observables is a necessity for
progress on the path from a fundamental understanding to potential applications. We have demonstrated
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that resonant XUV spectroscopy in conjunction with state-of-the-art theory is indeed capable of providing
a detailed picture of the microscopic processes responsible for macroscopic magnetization.

We demonstrated this by two complementary experimental realizations probing either the
dispersive or the absorptive part of the magneto-optical functions in a Faraday rotation and an MCD
experiment, respectively. In the first experiment, the polarization plane of transmitted photons tuned
to the respective core-to-valence band transition in an FeGd alloy yielded large Faraday rotation angles
and allowed us to reveal decoupled ultrafast magnetization dynamics of the Gd and Fe sublattices.
Three advantages of Faraday rotation measurements are noteworthy: first, they yield large magnetic
asymmetries; second, they do not require polarization control of the XUV radiation, which has
remained challenging in HHG and is not (yet) always available at free-electron laser facilities; finally,
the intrinsic contrast of Faraday measurements is only based on a phase difference and is therefore not
detrimentally affected by strong absorption losses at the resonance of the probed element.

In the second experiment, we employed MCD contrast to reveal an efficient inter-site spin
transfer in the two-component CoPt alloy. As the strength and direction of such spin-selective charge
flow is determined by the available states above the Fermi energy of the involved elements [55],
we envisioned to tailor the ultrafast magnetic response and work towards realizing a metamagnetic
phase transition on the fastest time scale. While MCD experiments in the XUV spectral range require
circularly polarized radiation and are technically very demanding because of very small magnetic
asymmetries, they offer the great potential to analyze the energy and helicity-dependent transient
absorption in order to differentiate the ultrafast occupation changes of minority and majority electrons
after optical excitation.

Finally, we remark that, with our recent successful efforts to extend the photon range of HHG
sources beyond the water window [56], we expect, in the very near future, the first experiments with
photon energies around the giant N resonances of rare earth elements, as well as around L resonances
of transition metals in laboratory based experiments.

4. Materials and Methods

The thin magnetic films, Co, Co0.5Pt0.5 and Gd0.24Fe0.76 were grown by DC magnetron sputtering.
The FeGd alloy with a thickness of 15 nm was grown on a free standing DMC (diamond like carbon)
membrane. Its magnetization pointed out of the sample plane with a coercive field of 50 mT. The
Co and CoPt films with a thickness of 15 nm were deposited on freestanding 20 nm thick Si3N4 and
200 nm thick Al membranes, respectively. They exhibit an in-plane anisotropy and were consequently
mounted under a grazing angle of 45 degrees for a finite projection of the k-vector of the circularly
polarized XUV pulses onto the magnetization of the sample. They exhibit a square hysteresis loop
with a coercive field below 10 mT.
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Abbreviations

The following abbreviations are used in this manuscript:

CCD charged coupled device
FEL free electron laser
HHG high harmonic generation
MCD magnetic circular dichroism
OISTR optical inter-site spin transfer
XUV extreme ultraviolet
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