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Direct versus indirect excitation of ultrafast magnetization dynamics in FeNi alloys
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Ultrafast demagnetization can be induced either coherently by direct interaction with the optical light field or
indirectly via excitation of the electron system, which subsequently couples to the magnetization. An intriguing
direct process is optical intersite spin transfer (OISTR), which changes the local magnetic moments during the
optical absorption process itself and leads to a potentially coherent net spin transport between two magnetic
subsystems. In this paper, we find that both direct and indirect excitation of an FeNi alloy result in identical
experimental signatures in transverse magneto-optical measurements in the extreme ultraviolet spectral range,
which has been previously interpreted as evidence for the OISTR effect: a delayed onset of the ultrafast response
of Ni with respect to Fe as well as an increasing signal for photons probing energies below the Ni resonance. Our
findings align with recent theoretical and experimental investigations, which propose alternative explanations
of these experimental observations and do not rely on a direct and coherent interaction between light and spin.
Instead, the distinctly different magnetization dynamics of Fe and Ni may be governed by intersite spin transfer
driven by electron scattering or be the result of element-specific microscopic properties such as inhomogeneous
spin-orbit coupling or electron magnon scattering.

DOI: 10.1103/PhysRevResearch.6.013270

I. INTRODUCTION

Coherent optical control of magnetization relies on a direct
interaction between the optical light field and the magnetic
system. However, to date most microscopic mechanisms in
femtomagnetism in metallic systems have been identified to
be secondary processes driven by an excess of energy in the
electronic system gained after optical excitation. Prominent
examples are spin-orbit induced spin-flip scattering [1], equi-
libration of the chemical potentials [2,3], magnon generation
[4–8], or spin transport [9]. Indeed, a series of experiments
were able to demonstrate that indirect excitation via hot elec-
trons suffices to induce efficient demagnetization [10,11] or
even lead to deterministic, all-optical switching of the magne-
tization direction [12–15]: a femtosecond laser pulse excites
an optically opaque metallic layer generating a hot electron
distribution, which is then injected into an adjacent magnetic
layer via ballistic or superdiffusive transport.

Only with the seminal work of Dewhurst et al. [16], the
concept that the light field itself can directly manipulate the
magnetization was revived: time-resolved density-of-state cal-
culations predicted that in multicomponent magnetic systems
optical excitation can efficiently redistribute spin-polarized
carriers between the different sublattices, leading to a local
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change of the magnetic moment within the temporal dura-
tion of the light pulse. The process is called optical intersite
spin transfer (OISTR) and within a few years several experi-
ments reported evidence for such direct spin manipulation by
light [17–22]. The majority of these experiments employed
ultrafast spectroscopy in the extreme ultraviolet (XUV) spec-
tral range to follow the element-specific magnetization via
resonant 3p-to-3d transitions. Particularly well-suited model
systems are alloys consisting of two elements with a distinctly
different number of available states above the Fermi energy
such that optical excitation leads to a preferential direction of
a potential intersite spin transfer. In FeNi alloys, for example,
one expects a preferential transfer of Ni minority carriers into
available states of Fe, which would lead to a transient increase
of the Ni moment and a concomitant accelerated decrease of
the Fe moment.

Accordingly, Hofherr et al. [20] identified two experi-
mental observations in XUV transverse magneto-optical Kerr
(T-MOKE) measurements as evidence for such intersite spin
transfer in an FeNi alloy.

(i) The delay in the evolution of the magnetic asymmetry,
A, observed between the ultrafast response measured at the
Ni M2,3 edge with respect to Fe M2,3 edge is interpreted as a
competition between OISTR and secondary demagnetization
processes.

(ii) The observation of an asymmetry increase for photons
below the Ni resonance is understood as an indication for
a magnetization increase for states below the Fermi energy,
EF, which have become available after laser excitation of Ni
minority carriers.

Arguing along similar lines, an increase of the asymmetry
detected at the Co M2,3 edge in the half metallic Co2MnGe
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Heusler alloy was interpreted as an intersite spin transfer
during the optical absorption process [21].

However, recent theoretical work suggests that exchange
scattering between two sublattices may also lead to efficient
and ultrafast intersite spin transfer offering a theoretical ex-
planation for the experimental observations without invoking
direct and coherent interaction between the light and the mag-
netization [23]. A quantum theory of ultrafast spin dynamics,
where intersite spin transfer among different sublattices in
transition metal alloys is driven by intersite electron hopping,
however, concluded that the governing time scales on the
order of ≈ 1 fs are too short to rationalize the delayed demag-
netization of Ni on the order of tens of femtoseconds. Instead,
element-specific spin-orbit coupling strengths are shown to
agree with the experimental observations of the distinct Fe and
Ni magnetization response [24]. Similarly, a combination of
theory and experiment showed that different magnon scatter-
ing efficiencies between the Fe and Ni sublattices can explain
the delayed loss of Ni magnetization with respect to Fe after
optical excitation [25,26].

In this research, we conduct an experiment to test the
hypothesis that direct and coherent light-driven spin transfer
is the primary microscopic process leading to the distinctly
different ultrafast demagnetization dynamics of Fe and Ni. To
achieve this objective, we systematically compare the ultrafast
response of an Fe50Ni50 alloy after direct, optical excitation
and after indirect excitation via hot electrons generated in an
optically thick aluminium capping layer. We employ XUV
T-MOKE spectroscopy probing the Fe and Ni M2,3 edge and
show that the two fingerprint observables, a delayed onset of
the Ni demagnetization, as well as an asymmetry increase
for photons tuned to energies below the Ni edge are found
for both excitation geometries. These findings cast doubt on
the significance of prior experimental evidence for the OISTR
effect.

II. EXPERIMENT

Two samples with the composition glass/Ta(2 nm)/
Fe0.5Ni0.5(5 nm)/Al(30 nm), in the following referred to
as FeNi/Al(30 nm), and glass/Ta(3 nm)/Fe0.5Ni0.5(5 nm)/
Al(3 nm), in the following referred to as FeNi/Al(3 nm),
are deposited via electron beam evaporation. Both samples
exhibit an in-plane magnetization with a square hysteresis
loop characterized by a low coercive field of below 10 mT.
Additionally, we evaporated a single aluminium layer with
a thickness of 30 nm on an identical glass substrate for an
accurate characterization of its optical properties.

We employ a T-MOKE geometry in the XUV spectral
range between 47 and 72 eV to probe the element-specific
ultrafast magnetization dynamics of the FeNi alloy as
schematically shown in Fig. 1. The XUV radiation is pro-
duced via high harmonic generation (HHG) focusing laser
pulses from a Ti:sapphire based amplifier system with a pulse
duration of 25 fs, a repetition rate of 3 kHz, a pulse energy
of ≈2.5 mJ, and a wavelength range of λ = (800 ± 50) nm
into a gas cell filled with helium. The resulting XUV spec-
trum is characterized by narrow bandwidth emission peaks,
spaced by ≈3.1 eV covering the broad resonances of the Fe
and Ni M2,3 edges around 54 and 66 eV, respectively. The

FIG. 1. (a) Illustration depicting the configuration of the T-
MOKE setup using optical pump light at λ = 800 nm and probe light
in the XUV spectral range between 47 and 71 eV. (b) Measured
(solid line) and calculated (dotted line) magnetic asymmetry data
as a function of XUV probe photon energies. Time-resolved mea-
surements were performed at photon energies resonant with either
the Fe M2,3 edge (51.3 eV) or Ni M2,3 edge (63.7 and 66.8 eV) and
are marked by round dots. Panels (c) and (d) illustrate the config-
uration for direct and indirect excitation of the FeNi/Al(3 nm) and
FeNi/Al(30 nm) samples, respectively.

p-polarized XUV light pulses are reflected off the sample
and detected by a spectrometer. An electromagnet toggles
the magnetization direction, �M, of the sample between the
two directions perpendicular to the plane of incidence. The
T-MOKE observable, defined as the normalized difference of
the reflectance for opposite magnetization directions, is called
the magnetic asymmetry, A. Choosing an incidence angle of
θ ≈ 45◦ in the vicinity of the Brewster angle maximizes A.
In order to confirm a direct proportionality between observ-
able A and magnetization, we compute the wave propagation
within the nanostructure, considering reflection and refraction
at interfaces as outlined in Schick [27] and using atomic and
magnetic form factors from literature sources [19,28]. A com-
parison between the calculated and measured asymmetry is
shown in Fig. 1(b). The dotted vertical line at 60 eV separates
the spectral regions where A is either dominated by Fe or Ni,
determined by setting the respective magnetic moment to zero
in the simulation [29]. While the asymmetry at the photon
energies of 51.3 eV (Fe M2,3) as well as 63.7 eV (below Ni
M2,3) and 66.8 eV (Ni M2,3) scales linearly with the magnetic
moments, we find strong nonlinearities at the maxima of the
Fe asymmetry between 52.02 and 53.7 eV [30]. The ultrafast
magnetization dynamics is triggered by laser pulses with a
center wavelength of λ = 800 nm and a pulse duration of 30 fs
at the sample position. The experiment’s temporal resolution
is determined by evaluating the cross correlation between
optical pump and XUV probe pulses, yielding a value of 35 fs.
A more detailed description of the experimental layout can be
found in a dedicated paper on our instrument [31].
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FIG. 2. Measured and calculated (a) transmission and (b) re-
flectance of p-polarized light centered at a wavelength of λ =
800 nm for the reference Al(30 nm) and the FeNi/Al(30 nm) sample.
Panel (c) shows the absorption depth profile for both investigated
samples FeNi/Al(3 nm) and FeNi/Al(30 nm). The total absorp-
tion within the magnetic alloy FeNi amounts to 15.1 and 0.2%,
respectively.

III. RESULTS

A. Optical absorption of Al

Aluminum combines three key physical properties to
implement an indirect excitation geometry in T-MOKE exper-
iments in the XUV spectral range.

(i) It exhibits a long mean free path of laser-excited elec-
trons, leading to a predominately ballistic electron transport
[32,33] and therefore to an efficient and ultrafast indirect
excitation of the FeNi layer.

(ii) The absorption cross section of Al in the XUV spectral
range is very small [28], allowing one to efficiently probe the
buried FeNi layer.

(iii) For our excitation wavelength in the infrared spectral
range the absorption is very strong, ensuring negligible direct
interaction with the magnetic layer.

The latter point we have examined in more detail, by com-
bining measurements and calculations to determine the optical
properties of the Al capping layers for p-polarized radiation at
an incidence angle of 45◦ in the wavelength range from 750
to 850 nm. The results are shown in Fig. 2 for (a) transmission
and (b) reflectance and are compared to calculations based
on a matrix transfer formalism [34] with tabulated indices of
refraction [35]. We assume an oxidized aluminium top layer
with a thickness of 3 nm [36], but otherwise use no further
free parameters in the simulation. The quantitative agreement
suggests that the absorption of the evaporated aluminium layer
can be well described using the literature values. We demon-
strate its optical opaqueness required for an indirect excitation

scheme by calculating the depth dependent absorption profile
for both samples FeNi/Al(3 nm) and FeNi/Al(30 nm) [37].
The results are summarized in Fig. 2(c), where we show that
the total absorption within the FeNi layer decreases from 15.1
to 0.2% when capping the system with an Al(30 nm) layer.
We note that due to the 45◦ incidence angle the effective
aluminium thickness amounts to ≈40 nm, in very close cor-
respondence to the Al layer thickness used in Vodungbo et al.
[10]. In our case, the aluminium layer reduces the relative di-
rect interaction between the optical radiation and the magnetic
alloy by a factor of approximately 76.

B. Ultrafast dynamics

The central experimental results of this paper are shown
in Figs. 3(a) and 3(b), where we compare the ultrafast re-
sponse of the FeNi alloy after direct and indirect excitation.
The incident fluences were set to fdir = 3.5 mJ/cm2 and
find=39 mJ/cm2 , respectively. Taking into account the dif-
ferent absorption profiles, this leads to an approximately seven
times smaller optical absorption within the FeNi alloy for the
indirect excitation. For both types of excitation, the magnetic
asymmetry exhibits an ultrafast decrease, reaches a minimum
of A(t ≈ 500 fs) = 0.8, and then recovers on a much longer,
picosecond time scale. Two notable observations emerge for
both types of excitations: first, there is a delay, �t , in the onset
of the ultrafast decrease in magnetic asymmetry between Fe
(51.3 eV) and Ni (66.8 eV); second, for photon energies ap-
proximately 2 eV below the Ni edge at 63.7 eV, the transient
of the asymmetry initially exhibits a pronounced increase.

For a quantitative analysis, we describe the ultrafast dy-
namics for both samples by a double (i = 2 for 51.3 and
66.8 eV) or triple (i = 3 for 63.7 eV) exponential function
convolved by a Gaussian function, G(t ), with a full width at
half maximum (FWHM) reflecting the cross correlation of the
XUV and excitation pulse:

A(t ) =
(

1 +
2,3∑
i=1

Ci(1 − e)−(t−t0 )/τi

)
�(t − t0) ∗ G(t ), (1)

where � is the Heaviside function. For the directly excited
FeNi/Al(3nm) sample, we set FWHM = 35 fs and vary the
amplitudes, Ci, and de- and remagnetization time constants,
τi=de,re, of the exponential function as well as the overall onset
of the dynamics, t0. We only consider time-resolved data up
to 4 ps. For the direct excitation, we quantify the delayed
onset of demagnetization as �t = t0,Ni-t0,Fe = (21 ± 4) fs. We
find faster demagnetization times for Ni τde,Ni = (184 ± 7) fs
compared to Fe τde,Fe = (248 ± 14) fs, but identical rates for
the loss of magnetic asymmetry A/τde = 0.15 % fs−1, con-
sistent with a number of previous results [1,26]. In order to
extract more information about the laser-excited hot electron
pulse, we assume that the intrinsic demagnetization time con-
stants, τde, are independent of the type of excitation, and keep
them fixed for the nonlinear fits. Instead, we vary the FWHM
of the Gaussian function, yielding an average value of (170 ±
50) fs. Due to the very short duration of the XUV pulses, we
can interpret this value as an estimate of the temporal duration
of the hot electron pulse. Additionally, we determine the ab-
solute delay for the onset of the magnetization dynamics upon
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FIG. 3. Ultrafast measured magnetic asymmetry measured at the
HHG emission peak energies 51.3, 63.7, and 66.8 eV for (a) direct
and (b) indirect excitation for the FeNi alloy. The solid lines represent
a best fit to the data points. For either excitation scheme, we observe
a delay between the onset of magnetic asymmetry between Fe and
Ni as well as an increase of the asymmetry for energies below the
Ni resonance. The scaling of the x axis changes at the vertical line at
t = 0.5 ps.

indirect excitation as approximately t0,Fe = 70 fs. We note that
the delay between the onset of the magnetization dynamics for
Fe and Ni in FeNi/Al(30nm), �t , increases to 42 fs for the
indirect excitation. Finally, the temporal width of the transient
increase of A at a photon energy of 63.7 eV increases from
approximately FWHM ≈ 70 fs for the direct excitation to
approximately 140 fs for indirect excitation. On longer time
scales, we observe different demagnetization amplitudes of Fe
and Ni, suggesting a distinct temperature dependence of the
equilibrium magnetization [38]. The nonlinear least square fits

TABLE I. Parameters describing the ultrafast evolution of the
magnetic asymmetry for direct and indirect excitation of the
FeNi/Al(5 nm) and FeNi/Al(30 nm) sample. The given error mar-
gins correspond to a 1σ -confidence interval. The values marked with
an asterisk are kept fixed during the nonlinear least square fitting
routines.

FeNi/Al(5 nm) FeNi/Al(30 nm)

Fe M2,3 51.3 eV: t0,Fe (0 ± 2) fs (70 ± 11) fs
Ni M2,3 66.8 eV: t0,Ni (21 ± 2) fs (112 ± 9) fs
�t (21 ± 4) fs (42 ± 20) fs
Fe M2,3 51.3 eV: τde (248 ± 14) fs 248 fs*
Fe M2,3 51.3 eV: A/τde (0.15 ± 0.02)% fs−1

Ni M2,3 66.8 eV: τde (184 ± 7) fs 184 fs*
Ni M2,3 66.8 eV: A/τde (0.15 ± 0.01)% fs−1

Excitation pulse FWHM 30 fs* (170 ± 50) fs
A FWHM: 63.7 eV ≈70 fs ≈140 fs

are shown as solid lines in Figs. 3(a) and 3(b); the parameters
of the fits for both types of excitations are summarized in
Table I.

IV. DISCUSSION

We would like to begin our discussion by providing a
brief evaluation of the current understanding of the magnetic
asymmetry measured in T-MOKE experiments. A very re-
cent T-MOKE study revealed that the asymmetry measured
at photon energies below the Ni resonance may be influ-
enced by transient spectral reshaping after optical excitation
due to changes of the off-axis dielectric tensor [39]. Further-
more, spectral changes of the asymmetry were also found
in measurements with photon energies in resonance with the
Gd N4,5 absorption features and were successfully linked to
the ultrafast evolution of magnetization depth profiles [40].
Reshaping of magnetic asymmetry spectra has also been
investigated in magnetic circular dichroism studies, both the-
oretically [41] as well as in a joint experimental-theoretical
work [31], and was associated with laser-induced changes of
electron occupations. As these effects are most pronounced in
the vicinity of the zero crossing of the magnetic asymmetry
spectra, we have to acknowledge that the observed increase
of A around 63.7 eV may require a more involved analysis
to establish its direct and quantitative relationship with the
nonequilibrium magnetization. However, we stress that the
delayed onset of the Ni demagnetization has been confirmed
via well-established L-edge magnetic circular dichroism ex-
periments conducted in transmission geometry [42], affirming
its existence with an independent experimental technique.

The main experimental outcome of our paper is that, even
when considering an indirect excitation geometry in which
significant direct interaction between the light field and the
magnetic film can be ruled out, we still detect a delay, �t ,
between the onset of the Fe and Ni demagnetization. Fur-
thermore, we also detect an asymmetry increase for photon
energies below the Ni M2,3 edge. These two fingerprint ob-
servables have been previously interpreted as evidence for
OISTR—this turns out not to be conclusive in the light of our
results. However, one may argue that intersite spin transfer can
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occur through ultrafast electron scattering alone, eliminating
the need to invoke purely optical spin manipulation for a
process to be labeled OISTR.

In our experiment, the nature of the indirect excitation is
defined by the lifetimes of hot electrons in Al, which vary
between approximately 10 fs at 1.5 eV above EF and reach up
to 60 fs for energy levels less than 0.5 eV above EF [33]. This
implies that electrons within the 30-nm Al layer will experi-
ence some scattering events, resulting in a transition from a
predominantly ballistic to a diffusive transport behavior. This
picture is consistent with our measurements, which reveal an
absolute delay t0,Fe ≈ 70 fs as well as a broadening of the elec-
tron excitation pulse to approximately 170 fs. With available
Fe minority states in close vicinity to EF, one could claim
that the density-of-state argument holds here as well: now
it is electron scattering that populates available Fe minority
states, and it is again the availability of Fe states at a suitable
energy that sets the direction of a potential intersite spin
current. This interpretation is supported by the observation
of a significantly longer-lived transient asymmetry increase
as well as a larger delay �t observed in the case of indirect
excitation—both caused by the increased temporal width of
the electron pulse after its migration through the thick Al
layer. This is in line with the expectation that the actual
intersite processes between neighboring atoms are ultrafast
and hence occur predominantly during the presence of the hot
electron excitation pulse.

It is important to note that an interpretation based on in-
coherent electron scattering presents a different microscopic
process compared to coherentlike intersite dynamics mediated
by a spin-selective optical excitation [18]. An interpretation
based on such electron scattering dynamics may be consistent
with the picture of superdiffusive spin currents [9] as well as
with recent theoretical work in which energy and angular mo-
mentum are distributed between two sublattices by exchange
scattering [23]. Such a scenario would call for an extension of
this research to investigate the feasibility of modulating local
spin densities through the utilization of spin-polarized elec-
trons [43,44], a potentially promising concept for integration
into future device applications.

At the same time, we have to concede that our data do
not exclude interpretations that do not rely on intersite spin
transfer at all, driven neither optically (OISTR) nor elec-
tronically, but explain the distinctly different demagnetization

dynamics of Fe and Ni based on different atomic properties
of relevance, as for example site-specific spin-orbit coupling
[24] or magnon scattering strengths [25,26]. Such site-specific
spin-orbit coupling together with ultrafast spin redistribu-
tion induced by nearest neighbor electron hopping may also
provide an alternative explanation for the observed faster de-
magnetization times of Pt vs Co in CoPt alloys as well as
of Co in CoPt vs single element Co films, previously ob-
served in ultrafast magnetic circular dichroism experiments
and attributed to the OISTR effect [19]. The magnon model
presents yet another explanation of the delay �t between the
Fe and Ni demagnetization and is based on a preferential
magnon generation on Fe sites followed by magnon propaga-
tion to neighboring Ni sites [25] and was recently tested in a
T-MOKE study with a systematic variation of the stoichiome-
tries x in Fe1−xNix alloys [26].

Finally, we would like to emphasize that our experiments
do not, of course, rule out the possibility of coherent light-
wave magnetization dynamics. Rather, they demonstrate that
the observables previously associated with coherent optical
control of the spin system [20,21] fall short of providing
unambiguous evidence. Again, more experimental and theo-
retical work will be essential to help distinguishing the various
different proposed microscopic processes and in particular
provide reliable evidence for direct and coherent manipulation
of magnetization via light.

In conclusion, we have performed a systematic comparison
of direct vs indirect excitation of a FeNi alloy via XUV T-
MOKE spectroscopy. For both excitation geometries, we find
a delayed onset of the loss of magnetic asymmetry of Ni with
respect to Fe as well as an increase of the magnetic asym-
metry for photon energies below the Ni M2,3 edge, signatures
which in recent literature have been interpreted as evidence of
OISTR, a form of spin manipulation directly driven by light.
Our research suggests that secondary processes that emerge
after excitation of the electronic system suffice to explain the
experimental observations.
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