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Ultrafast element- and depth-resolved magnetization dynamics probed by transverse
magneto-optical Kerr effect spectroscopy in the soft x-ray range
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We report on time- and angle-resolved transverse magneto-optical Kerr effect spectroscopy in the soft x-ray
range that, by analysis via polarization-dependent magnetic scattering simulations, allows us to determine the
spatiotemporal and element-specific evolution of femtosecond laser-induced spin dynamics in nanostructured
magnetic materials. In a ferrimagnetic GdFe thin-film system, we correlate a reshaping spectrum of the
magneto-optical Kerr signal to depth-dependent magnetization dynamics and disentangle contributions due
to nonequilibrium electron transport and nanoscale heat diffusion on their intrinsic timescales. Our Letter
provides a quantitative insight into light-driven spin dynamics occurring at buried interfaces of complex magnetic
heterostructures, which can be tailored and functionalized for future optospintronic devices.
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The recent advances in ultrafast magnetism research
[1,2] have made it possible to develop the understanding
of laser-driven spin dynamics from microscopic processes
towards macroscopic functionality in complex systems in-
cluding charge and spin transport [3—7] as well as interactions
with spatially extended quasiparticles, such as phonons and
magnons [8—15]. These findings are exploited in today’s op-
tospintronics where magnetic order is optically controlled
in buried layers and across multiple interfaces of tailored
magnetic nanostructures. The combination of spatiotemporal
spin manipulation and structure design on the nanoscale is
highly relevant for novel ultrafast and energy-efficient infor-
mation technology [16], thermoelectrics [17], and terahertz
emitters [18]. Whereas common optical and transport-based
magnetometry only provides an indirect access to the spatial
dependence of the relevant nonlocal spin dynamics, ultra-
fast resonant magnetic soft x-ray scattering [19] is a unique
technique, which combines magnetic contrast with element
selectivity and nanoscale depth resolution, utilizing the short
wavelength of the radiation with access to core-level reso-
nances. This has been exploited in first steps towards ultrafast
magnetization depth profiling at large scale facilities [20,21],

“hennecke @mbi-berlin.de
fschick@mbi-berlin.de

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2643-1564/2022/4(2)/L022062(7) L022062-1

however, so far without being able to provide a quantita-
tive analysis of the spatially inhomogeneous evolution of the
magnetization with subpicosecond temporal resolution. One
challenge in order to exploit resonant magnetic scattering for
nanoscale magnetization profiling is related to the complex
interplay of angle- and/or photon energy-dependent absorp-
tion, refraction, interlayer reflections, and interference effects.
To that end, it is inevitable to compare the resulting com-
plex scattering patterns with magnetic scattering simulations
[22,23] relying on carefully determined atomic and magnetic
form factors especially for photon energies in close vicinity
to core-to-valence-band transitions. Continuous progress in
laser-driven table-top light sources based on high-harmonic
generation (HHG) has started to provide access to the relevant
soft x-ray regime—for a long time the exclusive domain of
large-scale facilities, such as synchrotrons and free-electron
lasers. In particular, HHG with control over the light po-
larization [24-27] has enabled laboratory-based experiments
on magnetization dynamics with temporal resolutions down
to the femtosecond [28-32] or even attosecond regime [33].
Above all, the broadband properties of HHG radiation allow
measurements of large spectral regions in a single acquisition,
providing simultaneous access to characteristic spectral fea-
tures at their intrinsic timescale.

In this Letter, we study the spatial evolution of the ultra-
fast magnetization dynamics in a ferrimagnetic Ta/GdFe/Pt
nanolayer system; a model system exhibiting intriguing mag-
netic functionality, such as single shot all-optical switching
[34,35] and self-induced spin-orbit torques [36,37], both
relevant for potential spintronics applications. We conduct
femtosecond time-resolved and angle-resolved transverse
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FIG. 1. (a) Schematic of the ¥-2¢ spectroscopy setup used for the angle- and time-resolved experiments. The inset shows the depth-
dependent differential absorption of the 2.1-um pump pulse (incident from the left side onto the Ta layer) that drives the magnetization
dynamics. (b) Static angle-resolved TMOKE asymmetry spectra (color scale) of the studied GdFe sample measured by soft x-ray pulses in
the photon energy range across the Gd Ns 4 resonance. (¢) Simulation of the static angle-resolved TMOKE asymmetry spectra fitted to the

experimental data in panel (b).

magneto-optical Kerr effect (TMOKE) spectroscopy at the
Gd Ns 4 resonance around 150-eV photon energy, selectively
probing the magnetization of the Gd sublattice. Our analy-
sis reveals significant differences in the ultrafast evolution
of the TMOKE asymmetry for different photon energies.
By comparison to polarization-dependent magnetic scatter-
ing simulations, we can quantitatively relate these spectral
changes to transient, depth-dependent demagnetization and
remagnetization profiles within the GdFe layer after pho-
toexcitation. Analysis of the evolving magnetization depth
profiles allows us to disentangle femtosecond dynamics dom-
inated by nonequilibrium electron transport (< 100 fs) and
nanoscale heat diffusion on a picosecond timescale (=1 ps).
Based on our experimental data, we, hence, rule out signifi-
cant contributions due to femtosecond nonlocal spin transport
phenomena, but observe the emergence of a magnetization
gradient within GdFe within approximately 1 ps, induced
by heat injection at the interface with the buried seed layer.
Our results emphasize the importance of a careful analysis
of magnetic scattering data as inhomogeneous spin dynamics
in layered magnetic systems results in a complicated spectral
dependence of the TMOKE observable. In turn, this allows
us to disentangle local and nonlocal processes on ultrafast
timescales. Importantly, our findings directly correlate exper-
imental observables with functionality in nanoscale device
structures, e.g., controlled by charge or spin currents as well
as nanoscale heat transfer.

The TMOKE measurements are carried out employing
a combined ¥-2¢ reflectometry and spectroscopy setup as
schematically illustrated in Fig. 1(a). The probing soft x rays
are provided by a laboratory HHG-based light source. The
HHG process is driven by a high average power (29-W)
optical parametric chirped-pulse amplifier system emitting
in the midinfrared (MIR) spectral range at 2.1-um center
wavelength with 27-fs full width at half maximum (FWHM)
pulse duration. The source delivers < 27-fs FWHM soft x-ray
pulses at a 10-kHz repetition rate over a broad and continuous
spectrum of which we use the 100-200-eV region in this
experiment [38]. A fraction of the MIR beam is separately
guided over a variable delay line, providing synchronized

pump pulses for inducing ultrafast magnetization dynamics
in the sample in time-resolved pump-probe experiments. Both
pulses are p polarized and focused onto the sample almost
collinearly, facilitating a temporal resolution of ~50 fs. The
soft x-ray pulses are incident under a glancing angle ¥ on
the sample and reflected into the spectrometer placed at 2%
with respect to the soft x-ray beam axis. The spectrum is
horizontally dispersed and focused onto a CCD camera upon
reflection by a variable line spacing grating, achieving a pho-
ton energy resolution down to 0.5 eV (for more experimental
details, see the Supplemental Material [39]).

The sample investigated is an amorphous ferrimagnetic
GdysFe76 alloy with in-plane magnetic anisotropy deposited
by magnetron sputtering on a 400-um thick glass substrate,
seeded by a Pt layer and capped with Ta to prevent ox-
idation of the ferrimagnetic layer. All measurements were
carried out at room temperature (~300K), which is below
the ferrimagnetic compensation temperature of the studied
GdFe layer [40]. Static angle-resolved TMOKE spectra of
the sample measured in the photon energy range across the
Gd N5 4 resonance for angles of incidence ranging from
¥ =2.5° up to 45° are shown in Fig. 1(b). The mag-
netic asymmetry is calculated from two spectra recorded for
opposite directions of a saturating in-plane magnetic field
applied perpendicular to the p-polarization axis of the soft
x-ray pulses. The experimental data are reproduced with
high accuracy by the magnetic scattering simulations shown
in Fig. 1(c) [23,41]. The simulations include the photon
energy-dependent reflectivity of the p-polarized soft x-rays
resulting from the element-specific atomic and magnetic form
factors, taking into account both the structural properties
of the individual layers, i.e., thickness, density, and rough-
ness, as well as the magnetic moments in the GdFe layer.
By numerically calculating the polarization-dependent wave
propagation for each angle of incidence and photon energy,
the varying absorption, refraction, and probing depth in the
vicinity of the atomic resonance is taken into account for
both magnetization states of the sample. Simulating the -2¢
spectroscopy data, thus, allows us to fit both the structural pa-
rameters of the sample as well as the GdFe layer’s equilibrium
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FIG. 2. Transient TMOKE asymmetry spectra at ¢t = 20° as a
function of incident excitation fluence and pump-probe delay. Each
plot shows the equilibrium state (black) as well as a series of transient
spectra (colored) recorded at different delays after excitation. The
shaded areas indicate different photon energy intervals for each flu-
ence (blue, green, and red) over which the asymmetry was integrated
to obtain the time traces shown in Fig. 3(b). The arrows mark the time
evolution of the main (P1) and neighboring (P2) asymmetry peaks.

magnetization component perpendicular to the p-polarization
axis of the probing soft x-ray pulses (see the Supplemen-
tal Material [39] for more details about the simulations
and fits). The resulting sample composition (thickness in
nanometers) is Ta(4.2)/Gd4Fes6(9.7)/Pt(3.5)/Ta(3.2) /glass.
Mapping the magnetization profile within the GdFe layer with
0.2-nm resolution, the fit converges for a static magnetization
profile that slightly decreases towards the interfaces with both
the Ta cap and the Pt seed layers. The high agreement between
the experimental data and the simulation shown in Fig. 1
proves the ability to determine quantitative magnetization
depth profiles and structural parameters with subnanometer
resolution.

Time-resolved pump-probe studies were carried out at a
soft x-ray probing angle of ¢ = 20°. The evolution of the
asymmetry measured in the photon energy range across the
Gd Ns 4 resonance is shown in Fig. 2 for selected delays and
excitation fluences. Following the incidence of the pump pulse
at 0 ps, the magnitude of the magnetic asymmetry decreases
with respect to the unexcited equilibrium state due to the
laser-induced demagnetization of the GdFe layer. Compari-
son of the asymmetry spectra for different time delays after
excitation further reveals significant changes in their spectral
shape, including a shift of the main peak (P1); first towards
higher and later towards lower photon energies with respect
to the equilibrium position at < O ps. In addition, the relative
pump-induced amplitude changes also show a pronounced
spectral dependence. This can be seen particularly well for
an incident fluence of 2.6 mJ/cm? (center panel of Fig. 2),
following the time evolution of the peak amplitudes P1 and
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FIG. 3. (a) Transient shift of the main (P1) and its neighboring
(P2) asymmetry peak upon 1.7 mJ/cm? excitation. (b) Integrated
asymmetry as a function of excitation fluence and pump-probe delay.
The colored data points for each fluence result from integrating over
the accordingly colored photon energy intervals shown in Fig. 2. The
inset compares the demagnetization dynamics and peak shifts during
the first picosecond after excitation.

P2 at early (1.5-ps) and late (118-ps) times. The observed
shift and photon energy dependence is further analyzed in
Fig. 3. Panel (a) shows the transient relative shifts of the
asymmetry peaks P1 and P2 upon 1.7-mJ/cm? excitation,
obtained from a Gaussian multipeak fit of the time-resolved
spectra. Significantly different shifts of the two peaks can
be observed which after 1 to 2 ps approach their maxima
of ~200meV and &~ 100meV, respectively, stretching the
spectrum on the photon energy axis. As indicated by the inset,
the shifting of peaks starts with a delay of ~200 fs after the
initial, ultrafast drop of the femtosecond demagnetization. At
later times, a much slower shift towards the opposite direction
leads to a sign change after 8 ps and a long-lived shifted state
which is still present after 120 ps when the magnetization
of the system starts to relax back to its initial state. These
effects have a strong impact on the TMOKE observable, when
the asymmetry signals are integrated within a finite spectral
bandwidth around the asymmetry peak of an element-specific
resonance as is usually performed for obtaining magnetization
transients as a function of delay time. This is emphasized in
Fig. 3(b), which shows the peak-integrated asymmetry as a
function of incident excitation fluence obtained by integrating
the time-resolved spectra over slightly shifted photon energy
intervals as indicated by the shaded areas in Fig. 2. The data
are fitted with triple-exponential functions as a guide to the
eye. It becomes obvious that the perceived magnetization dy-
namics of the GdFe layer is highly dependent on the choice
of the integration window, resulting in transients that indi-
cate contradicting magnitude and speed of the pump-induced
magnetization change [indicated by the filled areas between
the time traces shown in Fig. 3(b)]. Our observation shows
that the TMOKE asymmetries measured at different pho-
ton energies are not proportional to a uniform magnetization
averaged over the whole depth of the magnetic layer. This
indicates that the asymmetries emerge from different probing
volumes as the absorption length strongly varies across the
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giant Ns 4 resonance. The spectral dependence of the pump-
induced change, therefore, strongly suggests depth-dependent
magnetization dynamics of the GdFe layer. To that end, we
have carefully ruled out any nonmagnetic contribution, by
finding within our signal-to-noise level no transient change
in the reflectivity spectra, which measure the laser-induced
change of the average 4 f electronic state occupation (see the
Supplemental Material [39]). This, in turn, implies that the
initial ultrafast drop of the localized Gd 4 f moment is driven
by optical excitation of 5d6s valence electrons and the very
strong intra-atomic exchange coupling between localized 4 f
and itinerant 5d moments [42,43].

In order to obtain the transient magnetization profiles of
the system, the time-resolved experimental data were fitted by
simulated asymmetry spectra, varying only the magnetization
distribution within the GdFe layer as a fit parameter whereas
keeping the structural parameters fixed that were determined
from the previous static angle-resolved measurements. We
model the magnetization profile as a second-order polynomial
function as the simplest mathematical description reflecting
the asymmetric layer structure of our sample with different
cap and seed layers, Ta and Pt, respectively. Transient changes
in the structure, e.g., due to acoustic deformations, result
only in marginal changes in the calculated asymmetry spectra
for the range of excitation fluences studied and have been
neglected, accordingly. For the sake of clarity and to achieve
a better signal-to-noise ratio, the measured asymmetry spectra
were averaged over different time intervals, i.e., at early times
before the excitation pulse hits the sample and at two later
times where the observed shift of the asymmetry peaks is
largest in both directions [compare Fig. 3(a)]. The simulation
is able to reproduce the observed behavior of the transient
TMOKE spectra with high accuracy by assuming a unique
magnetization depth profile for each time interval, see Fig. 4.
On the contrary, simulations that assume only a homoge-
neously distributed magnetization profile or a combination
of the latter with transient changes in the atomic nonmag-
netic form factors predict significant changes and shifts in
the nonmagnetic reflectivity spectra (see the Supplemental
Material [39]), which, as mentioned before, are not observed
in the experiment, or otherwise lead to a significantly worse
agreement with the experimental data.

The transient evolution of the magnetization profiles can
thereby be understood as follows: Before 0 ps, there is already
a slight fluence-dependent decrease in the magnetization with
respect to the nonexcited equilibrium state due to static heat-
ing of the sample. This is caused by the absorption of the
repetitively arriving pump pulses during the pump-probe mea-
surements. After a pump pulse hits the sample, it causes a
thermally induced demagnetization within the GdFe layer,
which is also fluence-dependent. The comparison of exper-
iment and simulation shows that, within a time interval of
1.4-2.6 ps after excitation, the demagnetization is clearly
enhanced towards the interface with the Pt seed layer, i.e.,
on the side of the GdFe layer not facing the laser beam.
This observation is in line with a numerical simulation of
the depth-dependent absorption profile of the 2.1-um pump
radiation, predicting the deposited energy density to be largest
within the Pt seed layer (see the inset of Fig. 1 and the
Supplemental Material [39] for more details). In addition to
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FIG. 4. Determination of the magnetization depth profiles
from the time-resolved TMOKE spectroscopy measurements.
(a) Recorded transient asymmetry spectra (dots) and fitted simula-
tions (lines) averaged over different time intervals as a function of the
incident excitation fluence (black, blue, and green). The simulation
was fitted to the experimental data by varying only the magnetiza-
tion distribution within the GdFe layer. (b) Resulting magnetization
depth profiles obtained for the respective excitation fluence and time
interval.

the quantitative determination of magnetization depth profiles,
our method also reveals that an inhomogeneous change in the
magnetization within the GdFe layer must be accompanied
by peak shifts in the asymmetry spectra. Based on that we
carry out a closer inspection of the transient evolution of the
evaluated asymmetry amplitude and peak shift. The decrease
of the asymmetry amplitude, as depicted in Fig. 3(b), shows a
clear double exponential behavior with a fast (= 100-fs) and a
slow (= 1-ps) time constant. These two regimes are commonly
referred to as type-II dynamics [44], and their timescales
are determined by the equilibration of the spin system with
the electronic and phononic subsystems. By comparison to
the data in Fig. 3 [panel (a) and inset], we find no sizable
asymmetry peak shift evolving in the fast regime during the
first hundreds of femtoseconds. This indicates that the ini-
tial subpicosecond demagnetization is spatially homogeneous
within the GdFe layer and that significant contributions due
to nonlocal inter- or intralayer transport phenomena, such as
superdiffusive spin currents [4], can be excluded. This con-
clusion again relies on the notion of very strong intra-atomic
exchange interaction between localized and itinerant electrons
of Gd as required to rationalize the observed ultrafast drop in
the Gd 4 f moment within < 200 fs. Such superdiffusive cur-
rents have been shown to lead to significant inhomogeneities
in the magnetization profile as well as to interface spin ac-
cumulation lasting a few hundreds of femtoseconds after
excitation [18,45,46]. In contrast, the significant peak shifts
evolving on timescales of 1-3 ps go along with the slower
timescale of the type-II dynamics emerging from electron-
phonon thermalization. This strongly suggests that due to
the layer-dependent laser excitation, phononic heat transfer
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from the Pt layer into the GdFe layer on a few picoseconds
timescale is the main driver for the evolving inhomogeneous
magnetization profile. In contrast, at later times (18-118 ps)
when the magnetization starts to relax back to the equilibrium
state, we observe a negative peak shift caused by a reversed
magnetization profile. This can be rationalized by an opposite
thermal gradient evolving due to slow heat dissipation into the
glass substrate. Finally, we note that, besides heat diffusion,
thermally driven spin currents on picosecond timescales could
also contribute to depth-dependent magnetization dynamics,
caused, for example, by the spin-dependent Seebeck effect
[47,48].

In conclusion, we followed the spatiotemporal and
element-selective evolution of magnetization depth profiles
in a ferrimagnetic GdFe nanolayer sample by applying ultra-
fast angle-dependent TMOKE spectroscopy in the soft x-ray
spectral range. The comparison of the experimental data to
magnetic scattering simulations provides a direct link be-
tween the photon energy-dependent temporal evolution of
the TMOKE asymmetry and the spatially inhomogeneous

magnetization dynamics. With a temporal resolution only
limited by the laser pulse durations, our experiment is able
to resolve depth- and layer-dependent spin transport from
picosecond heat transport in nanostructures down to the ul-
trashort timescales governed by nonthermal, spin-polarized
electron currents. In general, this allows us to distinguish the
relevant local and nonlocal processes during ultrafast de- and
remagnetization based on their intrinsic temporal and spatial
fingerprints.
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