Journal of Electron Spectroscopy and Related Phenomena 189 (2013) 164-170

Contents lists available at ScienceDirect =
Journal of Electron Spectroscopy and

Related Phenomena

journal homepage: www.elsevier.com/locate/elspec e

Ultrafast element-specific magnetization dynamics of complex magnetic
materials on a table-top

Stefan Mathias®"*, Chan La-o-vorakiat®, Justin M. Shaw, Emrah Turgut®, Patrik Grychtol "<,
Roman Adam¢, Dennis Rudolf¢, Hans T. Nembach ¢, Thomas ]. Silva“, Martin Aeschlimann?,
Claus M. Schneider¢, Henry C. Kapteyn”, Margaret M. Murnane”

a University of Kaiserslautern and Research Center OPTIMAS, 67663 Kaiserslautern, Germany

b Department of Physics and JILA, University of Colorado and NIST, Boulder, CO, 80309 USA

¢ Peter Griinberg Institut PGI-6 & JARA-FIT, Research Centre Jiilich, 52425 Jiilich, Germany

d Electromagnetics Division, National Institute of Standards and Technology, Boulder, CO, 80305 USA

ARTICLE INFO ABSTRACT

Article history:
Available online 21 December 2012

We review recent progress in femtosecond magnetization dynamics probed by extreme ultraviolet pulses
from high-harmonic generation. In a transverse magneto-optical Kerr geometry, we established an ultra-
fast, element-specific experimental capability - on a table-top - for the measurement of magnetization
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Dynamics equilibrium hot-electron distribution. We then use these new experimental capabilities of ultrahigh

High-harmonic generation time-resolution, combined with element-specific simultaneous probing, to disentangle important micro-

Material science scopic processes that drive magnetization dynamics on femtosecond timescales. We elucidate the role

X-ray of exchange interaction on magnetization dynamics in strongly exchange-coupled alloys, and the role of
photo-induced superdiffusive spin currents in magnetic multilayer stacks.
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1. Introduction

Femtomagnetism, which is the manipulation of magnetic order
on femtosecond timescales by ultrashort laser pulses, was first
observed by Eric Beaurepaire et al. in 1996 [1]. Since then, femto-
magnetism has become a challenging research topic of increasing
interest because of its importance for uncovering fundamental new
science and for technological applications. Typically, experiments
that study femtomagnetism are carried out in a pump-probe geom-
etry. An intense femtosecond laser pulse first excites a magnetic
system, and the resulting ultrafast changes of the magnetization
are then probed magneto-optically and by spin-resolved pho-
toemission. The dynamical response of the magnetic material to
the excitation by an ultrashort laser pulse is governed by non
equilibrium interactions between photons, electrons, spins, and
phonons (see Fig. 1). Despite nearly two decades of research, the
fundamental microscopic processes involved in femtomagnetism
are not well understood, and indeed are still a topic of intense
debate [2-13]. One of the key challenges is to carefully disentangle
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the various dynamical processes shown in Fig. 1 to establish
how they contribute to the behavior of a complex magnetic sys-
tem far from equilibrium. This quest demands the development
of new experimental capabilities. For example, the investiga-
tion of coherent magnetization dynamics [7,14] in the time
domain requires extremely high time-resolution (<20fs), while
the influence of exchange-coupling on magnetization dynamics
[15] requires element-specificity. Finally, to capture superdiffusive
spin-transport in magnetic multilayer stacks [ 16], we require ultra-
fast element-specific, layer-selective probes of the magnetization
state [16-18].

The ideal experimental technique would therefore combine sen-
sitivity to the magnetization state with femtosecond-to-attosecond
time-resolution, be able to distinguish the signal from different ele-
ments in an alloy or multilayer system, and be able to image with
nanometer spatial resolution. This is a challenging task, but one that
can be achieved by use of femtosecond slicing technique [17,18],
the newly developed large-scale X-ray free-electron lasers (XFELs)
[19,20], and table-top-scale high-harmonic generation (HHG) light
sources [15,16,21-23]. Comparing magnetic dynamics probed by
HHG and femtosecond slicing sources or XFELs, it is becoming
clear that all of these techniques are complementary and have
unique advantages. High harmonic probes at the M absorption
edges have the advantages of probing the magnetic state of multiple
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Fig. 1. Adapted from [15]. Schematic timeline of ultrafast photon-electron-spin-lattice interactions after an ultrafast laser excitation. During the ultrafast excitation of
the electron system by a femtosecond laser pulse, ultrafast spin-photon interaction can be a source of magnetization dynamics [6,7,14,29]. On a longer femtosecond
timescale, various scattering processes between electrons, phonons, and magnons, as well as superdiffusive spin-currents [8,16,30,31| determine the dynamic response
of the material. The strongly excited electron system thermalizes by predominantly electron-electron scattering to a Fermi-Dirac distribution. Spin-flip electron-electron
[5,11], electron-phonon [3,4,9-11,32], and electron-magnon [10,33] scattering processes, together with superdiffusive spin currents [8,16,30,31] mediate the magnetization
dynamics. Electron-phonon scattering transfers the energy from the excited electron gas to the lattice, and thermal equilibrium is typically reached on picosecond timescales.
Finally, on nanosecond timescales, the material cools by thermal diffusion. The different contributions of the above-mentioned processes to the ultrafast magnetic dynamics

are widely debated.

elements simultaneously, allowing the fastest coupled dynamics
to be uncovered with very high precision. This source is also com-
pact and accessible. Synchrotrons and XFELs can probe dynamics
at the higher-energy L-shell absorption edges, allowing spin and
orbital contributions to be extracted, and enabling higher spatial
resolution imaging.

In this paper, we review how HHG light sources can uncover
the fastest dynamics in femtomagnetism [15,16,21,22]. HHG is
an extremely nonlinear process that produces coherent short-
wavelength beams with the shortest pulse durations in the few
femtosecond to attosecond regime demonstrated to date for any
light source [24-28]. Bright harmonic beams now span from 10eV
to greater than 2keV [28] while retaining the polarization and
coherence properties of the driving laser under phase-matched
generation conditions. We show that table-top HHG sources are
ideal probes of femtomagnetism because of their artifact-free sen-
sitivity to the magnetization [22], femtosecond time resolution,
and element-specificity at multiple sites simultaneously [21]. These
unique new experimental capabilities make it possible to solve
long-standing problems in femtomagnetism [16], and also enable
more complex and technologically relevant magnetic materials to
be studied [15]. HHG has already been used to capture the fastest
magnetization dynamics in elemental materials, complex mag-
netic alloys, and multilayer systems, thereby elucidating the role of
exchange interaction and superdiffusive spin currents in ultrafast
magnetization dynamics.

2. The transverse magneto-optical Kerr effect in the XUV
regime

Femtosecond extreme ultraviolet (XUV) pulses from HHG are
produced by focusing 90% of an amplified, femtosecond laser pulse
(780 nm wavelength, 2-3 kHz repetition rate, 1.5-2.5 mJ per pulse)
into a capillary-waveguide filled with Ne (Fig. 2). For high-efficient
phase-matched high-harmonic up-conversion, we optimize the gas
pressure in the waveguide at values around 800 Torr [25,27]. A
broad range of harmonics spanning photon energies from 35eV
to 72 eV are emitted simultaneously. The cutoff at 72 eV is due to
the absorption edge of the Al filters that are used to block the laser
light that co-propagates with the HHG beam. The duration of the
high-harmonic XUV pulses is less than 10 fs [34].

We use a transversal magneto-optical Kerr (T-MOKE) geometry
to probe the magnetic state of our samples (Fig. 2, inset), where,
for a single magnetic layer, the polarization-dependent reflected

intensity of the XUV beam for p-polarized incident light is [35,36]:

2
P ncos6; — cos 6, 2 sin 6; cos b;
1= lo| e ; (1)
ncosv;+Costr  n2(ncos6; + cosby)
and for s-polarized incident light is
2
s _ 5 |cos6; —ncoso; 2)
=0 cos 0; + ncos 6,

where Iy is the incident beam intensity, n the refractive index of the
material, §; the angle of incidence, 6; = sin™!(sin /n)the refractive
angle, the plus-minus sign depends on the direction of the in-plane
magnetization, and € xy the magnetization-dependent off-diagonal
element of the dielectric tensor. For p-polarized light, the first term
inside the absolute square of Eq. (1) is the non-magnetic Fres-
nel coefficient for the sample reflectivity. The dependence of the
reflectivity on the magnetic state is contained in the second term
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Fig. 2. Adapted from [15]. Schematic of the experiment. Ultrafast XUV pulses are
reflected from a magnetic sample with a grating on top, which spatially separates
the harmonics to form a spectrum on a CCD camera. The reflected HHG intensity
at the shallow-core absorption edges depends on the magnetization transverse to
the optical plane of incidence (T-MOKE, see inset) that is periodically reversed by
transverse-mounted Helmholtz coils. Exciting the sample with an ultrashort laser
pulse (red) initiates the magnetization dynamics. (For interpretation of the ref-
erences to color in the artwork, the reader is referred to the web version of the
article.)
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Fig. 3. From [15]. XUV spectra and magnetic asymmetry. (a) Magnitude of the asymmetry from a Permalloy sample, coded in color, as a function of photon energy and angle
of incidence, measured with synchrotron radiation. The asymmetry signal of Fe (=54 eV) is clearly separated from Ni (~67 eV). b) HHG XUV spectra reflected from a Permalloy
grating sample at an angle of incidence of 45°, shown as green solid and dotted lines for the two different magnetization directions. The blue line is the asymmetry from the
HHG spectra, and the black line the asymmetry from synchrotron data that corresponds to the spectral cut shown as a black dashed line in (a).

via the dielectric magneto-optical constant €y, which is in first
approximation linearly proportional to the magnetization com-
ponent perpendicular to the plane of incidence. We consider the
change of the reflectivity only up to the first order in the magneto-
optical constant, since the magneto-optical constants are usually
small numbers (~10-3) [35,36]. Note that Eq. (2) shows that the
sample reflectivity for s-polarized incident light is always indepen-
dent of the magnetization.

The magnetic signal is extracted by first measuring the reflected
light for both magnetization directions (I¥ and I”, respectively), and
then calculating the magnetic asymmetry parameter (A) given by:

SR+

A Re [ Sin(26;) € xy ]

n4cos2 6; — n2 + sin® 6;

. { Sin(26;) € xy ]
(n2 — 1)[n2 — sin? 6;(n2 + 1)

- sin(26;) <5Re[€xy]+ﬂfm[€xy]> 3)

T 1-2cos26; 82 + g2

here, we assume that the Fresnel coefficient is large compared to
the magneto-optical term. In Eq. (3), we substitute the complex
representation of the refractive index n =1 — § +if, where é and
B are small numbers. The most critical property of the calculated
asymmetry (A)is that the asymmetry is also a function of the refrac-
tive index (n). This shows that a photo-induced index change in
the ultrafast experiment will introduce an artifact to the experi-
mentally determined magnetic dynamics. Fortunately, in Section
3 we can show that in the XUV regime, this artifact is negligible
compared to the T-MOKE magnetic signal.

In order to distinguish the magnetic dynamics of different
elements in alloys and multilayer structures, we need to measure
the reflectivity as a function of photon energy near the various
M, 3 shell absorption edges of 3d ferromagnets, where the asym-
metry signal is maximum. At these atomic absorption edges, the
off-diagonal element of the dielectric tensor €y, is resonantly
enhanced and the magnetic asymmetry is therewith increased
from less than one percent in the visible spectral range [37] up
to tens of percent in the XUV range [38] (see Fig. 3). This increase
of exy over its analog in the visible spectral range is due to the
large spin-orbit and exchange splitting of the 3p shallow core
states [39]. Note also that the measured T-MOKE asymmetry is

wavelength-dependent through n(w) and the off-diagonal mag-
netic component of the dielectric tensor € xy(w) [40,41]. Therefore,
even the individual magnetic signal of a single element, which
extends over several eV in the XUV range, should be measured as a
function of photon energy. We therefore incorporate a spectrom-
eter into the samples by fabricating the samples into diffraction
gratings (or overlaying a diffracting structure on the sample: see
bottom right of Fig. 2). The reflected HHG spectrum from the
sample is then captured by an X-ray CCD camera placed at a 45°
angle-of-incidence geometry to maximize the asymmetry (Brew-
ster’s angle, see second line of Eq. (3) and Fig. 2). The femtosecond
pump beam that is used to initiate the magnetization dynamics is
blocked from the CCD camera by use of two 200 nm Al filters.

Fig. 3 shows the magnetic asymmetry for a NiggFe,q alloy sample
(Permalloy), which was measured by use of T-MOKE with light from
asynchrotron (3a)and a HHG light source (3b). The magnetic asym-
metry (color-coded in Fig. 3a) is measured as a function of sample
angle-of-incidence and XUV energy. Fe and Ni can be distinguished
by their energy-dependent magnetic asymmetry peaks that are
approximately left and right of the white dashed line for Fe and Ni,
respectively [38,42,43]. Note that the measured signal corresponds
to excitations of localized M-shell electrons into unoccupied states
above the Fermi energy. Therefore, HHG XUV T-MOKE probes mag-
netic moments in the vicinity of each atom of the specific element
under investigation, and in this sense provides a localized probe of
magnetic moments.

As explained above and from Eq. (3), the largest magnetic asym-
metry occurs at an angle of incidence of 45° (black line in Fig. 3a),
which is therefore the geometry chosen for the HHG probe setup.
Fig. 3b compares the measured magnetic asymmetries for both syn-
chrotron and HHG light at a 45° angle-of-incidence. Integration
times for a reasonable asymmetry spectrum as shown in Fig. 3b
are around 1005 (50 s for each magnetization direction). The MOKE
spectra from synchrotron and XUV T-MOKE are in good agreement
with each other. Although the high-harmonic spectrum exhibits
the expected odd-harmonic structure, for sub-10fs XUV pulses, as
is the case in all our presented experiments, the bandwidth of each
harmonic is broad, with real spectral content between the peaks.
In other words, there is some spectral overlap between the dif-
ferent harmonic orders. Therefore, for our experiment, where we
measure the normalized magnetic asymmetry, we essentially have
an ultrafast XUV white light source available, which allows us to
follow the dynamics of different elemental constituents in alloys
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Fig.4. From [22]. Estimation of the maximum non-magnetic artifact with XUV T-MOKE. (a) Nonmagnetic reflectivity for a pump fluence of 1 mJ/cm? (780 nm, 25 fs), measured
by the use of an s-polarized XUV probe beam at the Ni M, 3 absorption edge (to see the long-time behavior, see Ref. [22]). (b) The maximum non-magnetic artifact is inferred
from this resonant reflectivity measurement and plotted together with fluence dependent demagnetization data in Ni. The potential artifact of 0.2% within the first 300 fs is
about 2 orders of magnitude lower than the demagnetization amplitude of 20% measured with the same pump fluence.

and multilayers. This is a huge advantage for time-resolved experi-
ments because we can very accurately and simultanously measure
correlated dynamics of individual elements in complex magnetic
materials and structures.

3. Magnetism vs. optics: an artifact-free probe of ultrafast
magnetism

For all time-resolved magneto-optical Kerr experiments per-
formed to date, whether with visible or soft X-ray probes, there
has been a long-standing debate about the potential presence
of nonmagnetic artifacts in the magnetic signal, which can be
induced by the femtosecond pump pulse that initiates the dynam-
ics [44-50]. For our newly developed XUV T-MOKE technique, we
therefore did a detailed investigation to assess the contribution of
any non-magnetic artifacts in our magnetic signal. Through careful
experiments that separated the electronic and magnetic contrib-
utions, we could show that T-MOKE in the XUV is highly sensitive
to spin-dynamics with negligible non-magnetic contributions [22].

Non-magnetic artifacts in time-resolved pump-probe experi-
ments can be introduced by so-called state-blocking and by the
generation of non equilibrium electron distributions. State blocking
refers to the saturation of an optical transition by the pump-pulse,
and can always be suppressed or even avoided by use of different
pump and probe wavelengths, i.e., pumping and probing differ-
ent optical transitions in the material. In addition, pump-induced
non-equilibrium electron distributions strongly and transiently
modify the occupation density of the valence states just around
the Fermilevel. However, most of these effects are invariant under
magnetization reversal and thus can be eliminated by measuring
the magneto-optical contrast for both magnetization directions.
Unfortunately, the value of the magnetic asymmetry can still be
influenced by the transient change of the refractive index after
optical excitation (see Eq. (3)).

Experimentally, we can isolate the non-magnetic contribution
to the asymmetry signal by measuring the pump-induced tran-
sient refractive index change, and by using Eq. (3) to calculate
upper limits of the resulting artificial (non-magnetic) contribution
to the asymmetry parameter A. Fig. 4a shows the measured tran-
sient reflectivity in resonance with the Ni M, 3 absorption edge
at 68eV after excitation of the sample with a typical fluence of
1 mJ/cm?2. Since s-polarized probe light is insensitive to magnetic
contributions, the fast change of the reflectivity must result only
from the transient variation of the refractive index. Note that the
refractive index is the only parameter in Eq. (2). Based on this
measured transient change in the s-polarization reflectivity, the

transient modification of the refractive index can be estimated by
calculating the upper bounds for the change of the real and imag-
inary components of the refractive index n=1—§ +if. The reflec-
tivity at resonance changes by about 0.2% during the first 300 fs
(the relevant time scale for both demagnetization and hot-electron
dynamics, see Fig. 4), which corresponds to a § or 8 change by no
more than 3% or 0.1%, respectively (from a numerical solution of Eq.
(2)).Using Eq. (3), we calculate the expected transient change in the
asymmetry parameter and see that the measured time-dependent
magnetic signal can include an artifact of less than ~0.2% during the
first 300fs of the demagnetization dynamics (Fig. 4b). This opti-
cally induced artifact is two orders of magnitude smaller than the
observed demagnetization amplitude of about 20%. Time-resolved
XUV T-MOKE therefore represents an ideal experimental capability
to measure pure magnetization-dynamics in complex materials.

4. Ultrafast magnetism in complex magnetic materials:
from single elemental materials to alloys and multilayer
structures

Having thoroughly characterized the HHG XUV T-MOKE tech-
nique [21,22], we turn now to the investigation of ultrafast
magnetic dynamics in complex materials (Fig. 5). The two fer-
romagnetic elements Ni and Fe are investigated under changing
environmental conditions. We first start with elemental Ni and
Fe in order to compare with state-of-the-art experiments, i.e., the
“usual” demagnetization dynamics. We then successively increase
the complexity of the material system by alloying Ni and Fe in
Permalloy (NiggFeyp). The magnetic moments of Ni and Fe in
Permalloy are strongly exchange coupled, so that one might assume
identical ultrafast magnetization dynamics for the two consti-
tuting elements. However, we show that on ultrafast timescales,
the dynamics of Ni and Fe in Permalloy are distinct and, more-
over, are determined by the strength of the exchange coupling.
We verify this result in another experimental step by introducing
non-magnetic Cuatoms into the Permalloy. This weakens the inter-
atomic exchange coupling in the Ni-Fe-Cu alloy, so that even more
distinct demagnetization dynamics of the constituents Ni and Fe
are found [15]. Finally, we move from alloys to multilayer struc-
tures, where we couple elemental Ni and Fe magnetic moments
in magnetic-nonmagnetic-magnetic trilayer stacks. In the trilayer
stack, however, interlayer exchange coupling is so weak that we
cannot expect to see any influence of the interlayer coupling on the
magnetic dynamics on ultrafast timescales. Even more surprising
is that in the trilayer stack, the elements Ni and Fe do not react
like elemental materials on ultrafast timescales, but rather show a
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Fig. 5. The two ferromagnetic materials Ni and Fe are investigated under changing interatomic and interlayer magnetic coupling conditions. We first start with elemental Ni
and Fe and then successively increase the complexity of the material system, moving to Permalloy (NigoFe), Permalloy alloyed with Cu, and finally a Ni-Ru-Fe trilayer stack.
Such a controlled modification of the magnetic material system enables us to disentangle the role of exchange coupling and superdiffusive spin currents in femtosecond

magnetization dynamics.

strong dependence on the relative orientation (parallel vs. antipar-
allel). We show that our results in the magnetic multilayer stack can
be explained by taking photo-induced superdiffusive spin-currents
into account [16].

Fig. 6a shows a simultaneous measurement of the magneti-
zation dynamics of elemental Ni and Fe for an interleaved stripe
sample of both elements. After excitation with a laserfluence of
~2 mJ/cm?, Ni and Fe show the “usual” demagnetization behavior
that has been studied over almost the past two decades. The magne-
tization decreases rapidly and is quenched by about 19% for Fe and
45% for Ni at the same pump fluence. Using a double exponential
fitting function given by m(t)=1— Am[1 —exp(—t/tm)] exp(-t/t;),
we can extract the demagnetization times of 7, =98 - 26 fs for Fe
and 157 +9fs for Ni, in agreement with earlier studies for similar
pump fluencies [4,33].

Now, we move from single-species ferromagnets to the more
complex binary ferromagnet Permalloy (Py), where the con-
stituents Fe and Ni are miscible and strongly exchange-coupled.
Therefore, we might expect identical demagnetization dynamics
for the two elements, particularly for a completely delocalized, itin-
erant spin-polarized band structure. Indeed, Fig. 6b shows that the
magnetization decreases rapidly for both elements in Permalloy to
a common minimum of about 70% of the total magnetization. How-
ever, a closer look at the short-timescale data shows that in all our
measurements, the demagnetization of Fe precedes that of Ni by
approximately 10-20fs.

The degree to which magnetization dynamics can be different
for Ni and Fe in Permalloy surely must depend on the strength of
the Ni-Fe interatomic exchange coupling: the weaker the Ni-Fe
exchange coupling, the more the dynamics can differ without
incurring too large of an energy cost. We therefore repeated our
measurement for the Permalloy alloyed with Cu, PyggCuyg, where
the volume-averaged exchange parameter is reduced through
the reduction of the number of ferromagnetic nearest-neighbor
atoms [15]. Fig. 6¢ shows a plot of the magnetization dynamics of
Permalloy-Cu. There is a clear demagnetization delay of approx-
imately 76fs for Ni relative to Fe, as indicated by the arrows.
Our experiment thus provides the first direct observation of the
influence of exchange coupling on femtosecond magnetization
dynamics. As such, our data help to elucidate the microscopic role
of exchange interaction in femtomagnetism, a contribution to the
ultrafast dynamics that we assume will be of general importance
in complex magnetic compounds and alloyed materials. We note
that without the ability to measure magnetization dynamics at the
elemental Fe and Ni sites simultaneously that uncovered delays of
10-80fs (depending on the alloy), this experiment would likely not
have been possible.

Finally, we further modified the material system, and weakened
the exchange coupling between the elements Ni and Fe, by fabri-
cating an interlayer exchange coupled ferromagnet-paramagnet—
ferromagnet trilayer stack. Because of the extremely weak inter-
layer exchange coupling in the multilayer stack compared to the
interatomic exchange coupling in the Permalloy, we might not
expect any influence of the interlayer coupling on the femtosecond
magnetization dynamics of Ni and Fe. Fig. 6d shows the ultrafast
demagnetization dynamics of Ni and Fe in an antiferromagnetically
coupled Ni(5 nm)/Ru(1.5 nm)/Fe(4 nm) trilayer, at a laser fluence of
about 2 mJ/cm?. In comparison to the measurement of elemental Ni
and Fe (Fig. 6a), the magnetization quenching of Ni is stronger than
in the elemental case, while the magnetization quenching of Fe is
comparable, respectively. From a qualitative point of view, how-
ever, we would expect less quenching of the Fe magnetization at
comparable fluence, because the Fe in the multilayer stack is buried
below a 3 nm Al-capping layer, a 5nm Ni layer, and a 1.5nm Ru
layer. The Ni quenching, on the other hand, should be comparable
to the elemental measurement, but is even larger in the multilayer
stack. Note that for elemental Ni, a change in the magnetization
quenching from 40% to 60% would require an increase in pump flu-
ence from ~2m]J/cm? to ~3 mJ/cm? [4,22]. We therefore exclude
minor variations in fluence between the two measurements (Fig. 6a
vs. d) as the source of the strongly disproportionate dynamics.

For the trilayer system, we find instead that the magnetization
dynamics are consistent if transport of laser-excited spin-majority
spins [8,31,52,53] from the top Ni layer to the buried Fe layer is
taken into account in addition to the optical excitation [16]. Since
the inelastic mean free path for the majority spins in Ni with ener-
gies of afew eV above the Fermi level is higher than for the minority
spins [54], superdiffusive transport of majority spins from Ni into
the buried Fe layer generate magnetization orientation-dependent
(parallel vs. antiparallel) ultrafast spin dynamics (The spin-current
is initially ballistic on timescales of 5fs to 10fs, after which it
becomes diffusive as the electrons thermalize [8,31]). First, major-
ity spins superdiffusing out of the Ni top layer seem to add to
the optically induced demagnetization dynamics in Ni (c.f. Fig. 6a).
Then, in the case of antiparallel magnetization-alignment of the Ni
and Fe layers, the Ni majority spins enter the Fe layer and drive
the demagnetization process in Fe by transiently increasing the
number of Fe minority spins to just above the Fermi level. Note
here that the Fe layer is intrinsically less sensitive to the direct
optical excitation in comparison to Ni [15], and that the Fe layer
is moreover buried below Al-Ni-Ru layers. Therefore, superdif-
fusing majority spins from the Ni layer present the dominant
process for the observed magnetization dynamics in the Fe layer.
In consequence, the mechanism of superdiffusive spin transport
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graphs according to the different Ni and Fe compositions. After rapid excitation with a 780 nm, 1-2 mJ/cm?, 25 fs pump pulse, the graphs show the magnetization dynamics
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and (e) Ni and Fe in a (Ni)-(1.5 nm Ru)-(Fe) trilayer stack. (For interpretation of the references to color in the artwork, the reader is referred to the web version of the article.)

can most impressively be demonstrated by a measurement of
the ultrafast spin dynamics in the case where the magnetiza-
tions of the Ni and Fe layers are oriented parallel (Fig. 6e). Now,
superdiffusion of majority spins from the Ni generates an ultrafast
magnetization enhancement in the buried Fe layer by transiently
increasing the number of the Fe majority spins. Our measurement
therefore clearly shows the role of superdiffusive spin currents
between different magnetic layers on femtosecond magnetization
dynamics in complex multilayer stacks. The measurement addi-
tionally indicates that superdiffusive spin currents might add a
substantial contribution to the heavily discussed “usual” ultrafast
demagnetization process [2-13] that follows the optical excitation.
A detailed analysis on the role of superdiffusive spin-currents in
magnetization/demagnetization dynamics, that takes into account
the competition between spin-flip scattering processes and spin
diffusion, requires further measurements and theory. Such stud-
ies are underway. However, we demonstrate that a controlled

modification of the Fe and Ni environment together with an
element-specific ultrafast probe opens up first experimental access
to very important and typical correlated microscopic processes
involved in femtosecond magnetization dynamics.

5. Conclusion

Ultrafast magnetization dynamics are a challenging area of
science where the fundamental microscopic processes remain
elusive, despite nearly two decades of research. New experimental
capabilities need to be developed in order to disentangle the
various physical processes and validate theoretical models, and
in particular to enable the study of ultrafast magnetism in more
complex and technologically relevant materials. We have shown
here that a very promising way to overcome current experi-
mental limitations is to use ultrashort X-ray pulses to explore
ultrafast magnetic dynamics, which opens up the possibility of
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studying magnetization dynamics with element-specificity and
nanometer spatial resolution. High-harmonic upconversion of a
table-top femtosecond laser enables element-specific, simulta-
neous, attosecond-to-femtosecond time-resolved measurements
of the magnetic state with XUV T-MOKE. Making use of these
new experimental capabilities, we elucidated the role of the
exchange interaction on magnetization dynamics in alloys on
ultrashort timescales. Furthermore, we isolated the contribution of
superdiffusive spin currents in ultrafast magnetization processes
in magnetic multilayer stacks, and used this effect to induce an
increase of the magnetization in a buried Fe layer on femtosecond
timescales.
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