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ABSTRACT

The magnetic response of a ferromagnet after an ultrafast optical excitation can be connected to the underlying electronic dynamics either
via primary excitation processes during the laser pulse or via secondary collision processes. In the latter case, the information on the details
of the excitation is lost and, therefore, the electron dynamics can be described using quasi-equilibrium concepts. In this work, we study the
effect of the pump photon energy on the ultrafast demagnetization dynamics in ferromagnetic nickel. We find that the magnetization dynam-
ics for similar absorbed energies for a range of pump photon energies are almost identical and depend only on the absorbed energy. This is
in stark contrast to characteristic differences in the optically excited electronic distributions, as calculated from the band structure. In addi-
tion, the measured fluence-dependent dynamics can be reproduced with a model based on local temperatures. These findings indicate that it
is mainly secondary processes that are responsible for the observed demagnetization dynamics.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0077213

Magnetization dynamics driven by ultrashort optical fields have
been studied in a variety of magnetic materials and multilayer struc-
tures over the past few decades. Present-day interest of ultrafast mag-
netization dynamics originated from the pioneering study of optically
induced ultrafast demagnetization in ferromagnetic nickel.
Beaurepaire and coauthors described the complicated process by a
three-temperature model (3TM) in which the magnetic properties are
artificially separated into a spin system that is coupled to the
“electronic system” (without spin) and the “lattice.” While the 3TM
can be useful to reproduce the observed magnetization dynamics, the
underlying separation of charge and spin degrees of freedom is phe-
nomenological and the model, therefore, cannot be employed to
address a fundamental question that has been around ever since: How
is the ultrafast response connected to the dynamics of Bloch electrons
with spin? More specifically, one can ask whether the ultrafast dynam-
ics is related to (1) the primary optical excitation process, during which
the state of the electrons is determined by the coupling to external
fields and cannot be represented in a quasi-equilibrium form, or
(2) secondary processes for which the details of the excitation are not

crucial. Importantly, if path 2 applies, the carriers will still be “hot”
during the secondary dynamics, which may be due to exchange scat-
tering, spin-flip scattering of the Elliott-Yafet type,” * or electron-
magnon scattering. Figure 1 shows a schematic picture of the different
manipulation scenarios using the concepts of the 3TM following the
indirect excitation: Path 1 influences the spin/magnetization via a
direct path from the optical excitation, whereas path 2 goes through a
partial equilibration process of the electrons before the spin/
magnetization is changed.

The question concerning the relative importance of path 1 com-
pared to path 2 as discussed above has not been addressed by experi-
ments conclusively. One reason is that most of the time pump pulses
from Ti:Sa laser systems operating at 800 nm have been used, which
lead to the same wavelength/photon energy dependence of the excited
electrons in different experiments. Only recently, comparisons with
THz excitation” and different photon energies”” have started to appear.
However, these studies have been performed on sample systems where
a possible intrinsic photon energy dependence was superposed by
depth-dependent light absorption and nonlocal transport processes.
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FIG. 1. Schematic picture of local processes after optical excitation using concepts
from the 3-temperature model. Path 1 indicates the direct interaction of the optically
excited non-equilibrium electrons with the spin system, while path 2 indicates the
interaction of the thermalized electrons with the spin system.

In this paper, we aim at distinguishing between the influence of
direct primary excitation of the spin system (path 1) and the response
of the spins to a system of hot electrons after secondary scattering pro-
cesses have been at play (path 2). We focus primarily on local effects
with appropriate sample design, since nonlocal transport processes
complicate the dynamics further.” ' In our modeling, we consider
incoherent optical excitation based on ab initio band structures. We
find, however, that the calculated photon energy-dependent differences
in the details of absorption do not lead to different experimentally
determined magnetization dynamics. Instead, a temperature-based
simulation can readily describe the measured tr-MOKE traces. We,
therefore, conclude that our results favor path 2 and make path 1 seem
unlikely in the sample considered here.

To put our results into perspective, we stress that the focus here
is on the distinction between paths 1 and 2, but not on the different
theoretical approaches that cover each of these scenarios. For instance,
during phase 1, there may be contribution due to coherent''™'* pro-
cesses,”” '” which generally occur on shorter timescales than the ones
considered in this paper. In Fig. 1, this is schematically shown as a
direct excitation of the spin system. However, it is also possible that
the pulse creates electronic distributions with an imprint of the excita-
tion, which nevertheless can be described by quasi-equilibrium con-
cepts. For instance, differences in the dynamics could occur depending
on whether mainly minority or majority carriers are excited. In differ-
ence, path 2 could involve a prethermalized state, which is completely
determined by the energy deposited by the pump pulse.'* **

The plan of the paper is as follows. We first present a calculation
of the electronic distributions that are created by pump pulses of dif-
ferent photon energies. We then discuss the measured magnetization
dynamics corresponding to a variety of pump photon energies and
compare and contrast these results with the computed optical excita-
tion conditions as well as a simulation of the magnetization dynamics
based on local temperatures and chemical potentials.

We determine the effect of the optical pulse on the spin-
dependent population of the Ni states from an equation of motion for

ARTICLE scitation.org/journal/apl

the time-dependent distribution functions n,; for electrons in Bloch
states juki. We describe the influence of the optical field by diagonal
interband transitions juki ¥ juki using second-order Fermi’s Golden
Rule scattering rates,” as described in the supplementary material. In
difference to our earlier numerical approach,’ the dipole matrix ele-
ments and occupation numbers in the ground state are determined by
using the ELK DFT code.”” We assume a Gaussian shaped pulse with
a temporal width (full width at half maximum, FWHM) of 50 fs for all
photon energies and neglect other scattering processes during the
pulse excitation. More details and input parameters for the DFT calcu-
lations can be found in the supplementary material.

Figure 2 shows the results of these calculations. In (a), the calcu-
lated spin-resolved nickel density of states (DOS) in the ground state is
plotted. In Figs. 2(b)-2(d), we show the normalized occupation
changes due to the optical excitation for different photon energies. For
these three different excitation photon energies, the occupation
changes occur at rather well resolved energies, which correspond to
the dipole-allowed diagonal transitions in k space. The dominant tran-
sitions involve occupied majority spin states from 0.5eV below the
Fermi energy (Er) in all cases. The minority spin states involved vary
in energy. Comparing these energetic regions with the calculated
ground state DOS, it is apparent that they correspond to the d-bands
of nickel, the, respectively, highest occupied states below Ep for the
majority and unoccupied states above for the minority carriers.

Figure 2 demonstrates that the excited carrier distributions
for different pump photon energies exhibit some essential differences.
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FIG. 2. Calculated ground state DOS of nickel (a) used as a starting point to deter-
mine the change in electronic occupation after excitation with (b) 2.48 (500 nm), (c)
1.55 (800 nm), and (d) 0.7 €V (1770 nm) optical pulses. Changes in occupation are
normalized to their respective maximum. The energy is given relative to the Fermi
energy Er
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Let us focus on the ratio between excited majority and minority elec-
trons. For 2.48 eV (b), roughly the same density of electrons with both
spins is excited, and this ratio is the same for electronic states emptied
below Eg. For the photon energy of 1.55eV (c), more minority elec-
trons are created above Ep and again a similar ratio occurs for emptied
electronic states. One notices by inspection that almost no change in
the spin polarization due to dipole transitions occurs in Figs. 2(b) and
2(c), and integrating the curves confirms that there is only a few per
cent change.

Consider now the photon energy of 0.7eV where again more
minority electron states are populated (as compared to majority elec-
trons) right above Ep. In this case, more majority electron states are
depopulated so that there are more minority electrons and more
majority holes are created,” and the spin polarization is changed
appreciably due to the optical excitation process.” Thus, band structure
effects lead to very different distributions of minority and majority car-
riers. These would be typical primary effects and if they were to influ-
ence the magnetization dynamics, it would favor “path 1”7 in Fig. 1.
We have used a completely incoherent calculation of the excited car-
rier distributions, but it seems likely that if coherent primary effects of
the excitation, such as the ones described in Ref. 25, were important,
they should also lead to pronounced dependence on the photon
energy and, thus, favor “path 1.”

We stress that the photon energy of 0.7 eV is special because it
coincides with the exchange splitting of the nickel d-bands and
changes in spin polarization result from dipole-allowed transitions
between minority and majority states. This behavior occurs for two
reasons: First, in the presence of spin-orbit coupling, these states are
not pure spin states, which makes it possible for an incoherent transi-
tion juki ¥ juki to change the admixture of the different spin com-
ponents in the final and initial states. Second, hybridization of d states
with s/p states makes dipole transitions between d-like states possible.

We now turn to an investigation of the magnetization dynamics
for a range of photon energies via time-resolved MOKE measure-
ments. Details regarding the experimental setup can be found in the
supplementary material. Our studies were performed on a 10 nm poly-
crystalline nickel film deposited on an insulating MgO substrate in
order to exclude transport and exchange-related effects, which com-
pete with the intrinsic photon energy-dependence.”” To protect the
nickel from oxidation and block electrical conductivity, a capping layer
of 100 nm Si,O; was deposited on the nickel film from a Si,O; sputter-
ing target without the need for an oxygen atmosphere. The magnetiza-
tion dynamics on the in-plane magnetized sample were measured
using longitudinal MOKE in an all-optical setup. As a probe, we used
the second harmonic of our Ti:Sa amplifier with a photon energy of
3.1eV (400 nm) independent of the applied pump photon energy.

In Fig. 3, we show magnetization traces for selected pump photon
energies from the investigated range and carefully chosen pump fluen-
ces as described below. All curves exhibit similar magnetization
dynamics, which have been measured often for the demagnetization of
nickel, following Ref. 1. After the maximum of the laser pulse hits the
sample at t, ¥4 0 ps, a fast drop in the magnetization occurs followed
by a comparatively slow remagnetization, which reaches a plateau after
approximately 5 ps. The asymptotic behavior on the longer timescales
is the result of the electrons (spin) and lattice reaching a thermal equi-
librium, a behavior that has been found in electron dynamics calcula-
tions”””' and recently has been studied experimentally in some detail,

ARTICLE scitation.org/journal/apl
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FIG. 3. MOKE traces of the pump induced magnetization dynamics of the 10 nm
nickel sample pumped with different pump-photon-energies. The traces shown are
chosen to have similar absorbed energies (final magnetization) independent of the
pump photon energy.

see, e.g., Ref. 26. The final magnetization and the respective Kerr signal
is a monotonous function of the absorbed energy. This dependence
allows us to compare magnetization traces for similar absorbed ener-
gies for all the used pump photon energies by selecting pump fluences
that give rise to magnetization traces with identical Kerr signal at 10 ps
delay. These data are displayed in Fig. 3. Using this approach, we do
not have to explicitly consider the photon energy dependent absorp-
tion efficiency.

We conclude from Fig. 3 the main result of this paper: There
are no significant differences in the magnetization dynamics over the
whole range of used pump photon energies, if one compares the
dynamics in cases where the same energy is absorbed by the electron
system. Or stated differently, our measurements do not allow us to
identify an experimental fingerprint for the different pump photon
energies. In more detail, the normalized Kerr signal traces, which are
proportional to the magnetization, drop with a demagnetization time
of about 40 fs reaching a similar minimum of about 40% of the initial
signal followed by nearly parallel remagnetization dynamics with a
time constant of approximately 2 ps, reaching similar asymptotic val-
ues of about 70%. The deviations between the shown curves can
mainly be attributed to deviations in the asymptotic values of the dif-
ferent measurements corresponding to differences in the absorbed
energy and small variations in the pulse durations for the different
pump photon energies.

If we refer back to Fig. 1, our findings indicate that the magneti-
zation dynamics are not measurably influenced by “path 1.” Rather
they are consistent with “path 2,” in which the thermalized electron
system, and, therefore, the absorbed energy, plays the dominant role.

The very similar magnetization traces shown in Fig. 3 result from
excitation with different pump wavelengths and fluences, but similar
absorbed energies. The experimental results suggest that much of the
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microscopic detail of the optical excitation is not important for the
demagnetization dynamics so that it should be useful to have a macro-
scopic description of this process. In order to gain an understanding of
the observed behavior on such a macroscopic level, we present simula-
tion results from the temperature-based T model,”” which we extend
by the coupling to substrate phonons. Figure 4 illustrates this model,
see the supplementary material for details. The additional coupling to
phonons allows us to consider energy losses to the substrate.”®

The results of the temperature-based simulations are shown in
Fig. 5 together with measurements for the pump photon energy of
2.21eV (560nm) and varying pump fluences. For all fluences, the
measurements show a fast drop in the Kerr signal within the first
100 fs representing a demagnetization of the nickel layer. Following this
fast drop, the remagnetization occurs within the next few picoseconds,
slowing down with increasing absorbed energy. These characteristics of
the experiment are qualitatively well reproduced by simulations for dif-
ferent absorbed energies. The simulations also show a fast drop in mag-
netization, which timescale is mostly independent of the absorbed
energy, while the remagnetization also slows down with the increasing
absorbed energy. The simulation results are calculated from the
absorbed energy and, therefore, do not explicitly include any photon
energy dependency. Thus, even though this model does not work with
microscopic distribution functions, the good agreement with the experi-
ment suggests that it can describe the magnetization dynamics reason-
ably well. We interpret this as an indication that for a thin Ni film on an
insulating substrate, it suffices to take the absorbed energy into account
and neglect the details of the hot electron distribution.

The simulation also yields information about the processes
responsible for different parts of the dynamics. The initial drop is
caused by the equilibration of temperature and chemical potentials
after excitation. The following remagnetization occurs with two steps:
first one step on a timescale of a few ps and, second, a longer remagne-
tization on a timescale of approximately 100 ps. The first and fast
remagnetization is caused by energy transfer of the excited electrons to
the phonons of the magnetic material, which results in an asymptotic
value of magnetization. This value slowly changes on a longer

Nickel Dielectric

i 10 nm d

_‘
. .

FIG. 4. Interactions taken into account in the xT model for Ni on an insulating sub-
strate. Solid lines refer to energy exchange, whereas dashed lines refer to particle
transfer.

ARTICLE scitation.org/journal/apl

1.2 T T T

®  experimental data

simulations

Kerr- Signal (normalized)

IN
=

0.2

0 2 4 6 8 10 12 14
Delay/[ps]

FIG. 5. Measured Ni magnetization traces for pump photon energy of 2.21eV
(560 nm) and various fluences (black dots). Simulated magnetization dynamics
obtained from the temperature based xT model extended by coupling to substrate
phonons.

timescale due to the slight energy loss from the nickel layer to the
substrate.

In summary, we revisited the problem of how the ultrafast mag-
netization dynamics can be connected to the underlying electronic
dynamics. In particular, we asked whether primary processes during
the pulse or secondary processes that can be described by quasi-
equilibrium properties are responsible for the observable dynamics. To
this end, we studied the influence of optical excitation conditions on
ultrafast magnetization dynamics in a ferromagnetic Ni film on an
insulating substrate.

We used a time-dependent Fermi’s golden rule approach to
model the occupation for fixed absorbed energy and found significant
differences in the excited electron and hole distributions in the excita-
tion photon energy range from 0.5 to 2.5eV. In particular, for varying
photon energies, we find, apart from dissimilar shapes of the excited
carrier distributions, different ratios between the densities of majority
and minority carriers.

In order to isolate these differences experimentally, we performed
time-resolved MOKE measurements with a thin nickel film on an
insulating substrate. We compared measurements of magnetization
dynamics obtained with different pump photon energies between 0.7
and 2.48 eV. We chose for comparison magnetization traces for which
the same amount of energy had been absorbed in the magnetic film.
Contrary to expectations, despite the very different excited electron
distributions, the measured tr-MOKE traces were identical.

The shape and fluence dependence of experimental traces could
be described well by the temperature-dependent uT model with a cou-
pling to substrate phonons. These results suggest that the magnetiza-
tion dynamics are determined by secondary processes, which can be
described using quasi-equilibrium concepts, and which are mostly
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determined by the absorbed energy. For the given system of a homoge-
neously heated nickel layer, the details of the excited hot carrier distri-
butions, therefore, seem to have a negligible influence on the ultrafast
magnetization dynamics on the considered timescales.

See the supplementary material that contains detailed informa-
tion about the density functional theory calculations, including the
used input parameters (see Sec. I); the experimental setup (see Sec. II);
and the mT-based calculations, including the used input parameters
(see Sec. IIT).
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