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Understanding how the electronic band structure of a ferromagnetic material is modified dur-
ing laser-induced demagnetization on femtosecond timescales has been a long-standing question in
condensed matter physics. Here, we use ultrafast high harmonics to measure time-, energy-, and
angle-resolved M-edge magnetic asymmetry spectra for Co films after optical pumping to induce
ultrafast demagnetization. This provides a complete data set that we can compare with advanced ab
initio magneto-optical calculations. Our analysis identifies that the dominant mechanisms contribut-
ing to ultrafast demagnetization on timescales up to several picoseconds are a transient reduction
in the exchange splitting and the excitation of ultrafast magnons. Surprisingly, we find that the
magnon contribution to ultrafast demagnetization is already strong on sub-picosecond timescales,
while the reduction in exchange splitting persists to several picoseconds.

PACS numbers: 75.78.Jp, 78.47.J-, 78.20.Ls

Understanding the interaction of light with magnetic
materials has been a subject of intense investigations,
because it is interesting both for an understanding of
fundamental excitations, as well as for advancing data
storage technologies'!. When excited by intense femtosec-
ond laser pulses, many ferromagnetic materials demag-
netize on sub-picosecond time scales?. However, a con-
sensus as to the dominant physical mechanisms responsi-
ble for ultrafast demagnetization remains elusive, despite
extensive theoretical and experimental studies of the el-
ementary nonequilibrium interactions between photons,
spins, charges, and phonons® . One reason for this lack
of consensus is the absence of unambiguous experimen-
tal data and probes that would make it possible to dis-
criminate between the various microscopic mechanisms
contributing to far-from-equilibrium dynamics in mag-
netic materials” '°. Fortunately, new techniques with
improved capabilities are now available to address this
challenge. Advances in extreme ultraviolet (EUV) high
harmonic generation (HHG) light sources, for example,
make it possible to probe ultrafast electron and spin dy-
namics of multiple elements in alloys and multilayers si-
multaneously over their entire absorption edges thereby
capturing microscopic processes with an unprecedented
level of detail'' 2%, Several past experiments successfully
used HHG to uncover how strong exchange interactions
influence dynamics in magnetic alloys, and identified the
importance of both ultrafast superdiffusive spin currents
and spin scattering in magnetic multilayers'3 16,

One mechanism proposed for ultrafast demagnetiza-
tion is a reduction in the magnitude of the local atomic

moment by longitudinal spin-flip processes resulting from
spin-orbit interactions present in Elliott-Yafet electron-
phonon scattering?!, or from Stoner excitations?2. This
picture is rooted in the Stoner model of itinerant ferro-
magnetism, which assumes that the atomic magnetic mo-
ment is proportional to the exchange splitting €, of the
majority and minority bands?*24. However, the Stoner
model does not provide a complete picture of ferromag-
netism, insofar as it does not naturally include correlated
spin excitations that are the eigenstates of the Heisenberg
Hamiltonian; namely magnons. Such quantized, delocal-
ized, transverse excitations also reduce the net magneti-
zation, albeit with correlation lengths that can be many
orders of magnitude longer than what are expected for
longitudinal excitations?®26.

Transverse spin fluctuations have been proposed as
an alternative explanation of ultrafast laser-induced
demagnetization®?27 31 For example, Carpene et al.
interpreted an apparent time delay between reductions
in the time-resolved reflectivity and the magneto-optic
Kerr effect (MOKE) as evidence of magnon generation
on 100fs timescales?®. It was also suggested that spin-
resolved two-photon photoemission measurements might
provide indirect evidence for magnon generation facili-
tated by hot electron decay”. Indeed, it has been well
established by both inelastic neutron scattering and spin-
polarized electron energy loss spectroscopy that magnon
lifetimes can be extremely short, in the femtosecond
range for Co, when the magnon dispersion overlaps with
the continuum of Stoner excitations®?33. Hence, one
could expect that transverse excitations also contribute



to ultrafast demagnetization.

In this work, to investigate the dominant mechanisms
contributing to ultrafast demagnetization, we measure
the time-, energy-, and angle-resolved EUV transverse-
MOKE response across the entire M> 3 absorption edges
of a Co film (hcp) after excitation with a femtosecond
laser pulse. Since EUV MOKE probes the entire demag-
netization response of the 3d bands, this provides a com-
plete data set which we can compare with first-principles
magneto-optical calculations. We find that both longitu-
dinal and transverse processes contribute to demagneti-
zation in Co on timescales up to several picoseconds. Sur-
prisingly, the magnon contribution to demagnetization is
dominant on very short (700 fs) timescales, while the re-
duction in exchange splitting persists to several picosec-
ond timescales. Finally, this work demonstrates that each
of these mechanisms has a particular magneto-optical
“fingerprint” making identification possible, as suggested
forty years ago by Erskine and Stern. They proposed
that measuring the EUV magneto-optic response across
the entire M 3 absorption edges contains all the spin-
dependent information about the electronic structure in
the conduction band®!. We demonstrate that this is pos-
sible even for dynamically out-of-equilibrium materials.

In our experiment, 40 fs near-infrared laser pulses are
used to excite a thin film Co grating sample (see Fig.
la). The resultant dynamics are then probed using
broadband HHG EUV pulses (<10fs) that are perfectly
synchronized with the laser pump pulses. The band-
width of the temporally and spatially coherent EUV
probe beam spans from 40 to 72eV, accessing the entire
My 3 absorption edges of the 3d ferromagnets. The sam-
ple (Si substrate/150nm SiO2/3 nm Ta/10nm Co/ 3nm
SisNy) was lithographically patterned to form a grat-
ing (500lines/mm) spectrally dispersing the EUV HHG
beam, which is then detected by an x-ray camera. Note
that because our thin Co sample was grown on an insu-
lating material, it precludes thermal transport as well as
the generation of superdiffusive spin currents that also
can contribute to ultrafast demagnetization®. The in-
cident angle () of the probe beam was varied between
37.5° and 52.5° to record the angle- and energy-resolved
magnetic asymmetry A, which is approximately linearly

proportional to the magnetization3°.

We first characterized the average and normalized dy-
namic magnetic response Amgye of Co by recording A
in fine time steps at #=45° and integrating A in a de-
fined energy interval (57-61eV). The result (Fig. 1b)
shows demagnetization and partial recovery?. As indi-
cated by red arrows, two points in time were selected
for the subsequent angle- and energy-resolved asymme-
try measurements. First, at the maximum of demagne-
tization around 0.7 ps, when the electronic system has
thermalized to a hot Fermi-Dirac distribution®” 3°. And
second, around 3 ps, when the magnetization has recov-
ered by 50 % and electron-phonon relaxation has begun.

To investigate the origin of the reduction in magneti-
zation, we performed ab initio calculations of the EUV
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FIG. 1. a) Setup for time-, energy- and angle-resolved T-
MOKE. b) Transient avg. norm. magneto-optic response. ¢)
Evolution of the electron and lattice temperatures estimated
from the three temperature model (lines). The inset illus-
trates the microscopic mechanisms behind laser-induced de-
magnetization dynamics: Ultrafast magnons (top), exchange
reduction and thermal smearing (middle panels).

magneto-optical response at the hcp Co My 3 absorp-
tion edges. Our relativistic calculations are based on
the linear-response theory for the dielectric tensor e;;
including the effects of semi-core-level exchange split-
ting and hybridization and spin-orbit interaction*. In
our calculations, the influence of the electronic structure
on A was simulated by modifying the electron temper-
ature, and reducing the exchange splitting assuming a
laser-induced redistribution of electrons across the en-
ergy bands (see Fig. 2). Moreover, we investigated the
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FIG. 2. a) Ab initio calculations of the spin dependent den-
sity of states in Co at elevated electron temperatures (700 K,
1100 K, 3000 K and 4600 K), b) with reduced exchange split-
ting ey, and c¢) reduced exchange splitting in combination
with an elevated electron temperature of 700 K.

effect of magnons by computing the magneto-optical re-
sponse for non-collinear magnetic configurations. Their
influence was found to be very similar to simply multi-
plying the off-diagonal dielectric tensor element €., by a
constant factor before computing A (see3* and SI). Note
that in all simulations, the 3p core states are not treated
as rigid, since the feedback effect of the modified valence
states upon the core levels is self-consistently included.

Although we do not calculate the full time evolution, we
capture instantaneous snapshots of the demagnetization
theoretically to simulate the measured time-, energy- and
angle-resolved magnetic asymmetry spectra for the Co
film. For each electron temperature and exchange split-
ting, cf. Fig. 2, the off-diagonal elements of the dielectric
tensor €, are derived. They are then used to compute
A using a multilayer code*'. We compared theory with
experiment using a least-square-fit algorithm, where the
contribution of transverse excitations is a free fitting pa-
rameter. The root-mean-square (rms) deviation serves as
a quantitative measure of the fit. The measured and cal-
culated asymmetry spectra, before laser-excitation, are
in good agreement with one another, as seen in Fig. 3.

The (normalized) atomic moment is reduced by Am,
due to the thermal smearing, Am; due to longitudinal
spin excitations, and Am; due to transverse spin excita-
tions, i.e. magnon generation. Thus, the change in the
total normalized moment will be given by Am = Am, +
Amy+Amy, where Am,, = . /i, and where p is the mo-
ment before time zero at 300 K, with z =e¢,1,¢. As can be
seen from Fig. 1b, the averaged magneto-optical response
of the Co film drops by a fractional Am,ye =0.12 and
Amaye =0.05 at 0.7ps and 3 ps, respectively, after exci-
tation with an absorbed pump fluence of 1.3 mJ/cm?. For
this laser fluence, the maximum initial electron tempera-
ture is T, = 2300 K, decreasing to approximately 1000 K
by 700 fs (see Fig. 1c and SI for results of the phenomeno-
logical three temperature model).

Based on these estimates, we first exclude the possibil-
ity of demagnetization arising only from an elevated elec-
tron temperature. At T, =1100K, Am,.=0.0008, which
is an order of magnitude less than what we measure. In-
deed, a temperature exceeding 4000 K would be needed to
achieve Am,=0.12 at 0.7 ps, which is unphysically high
for our laser fluence (see SI). Next, we calculate the dy-
namic differential changes in angle-resolved asymmetry,
A(t) — A(t < 0), at t=0.7ps and at t = 3 ps, by varying
T., €5, and the magnon excitations with respect to the
unperturbed ground state. We then compared the calcu-
lated spectra with the experimental data in Figs. 3b and
3¢ by employing a least-square-fit algorithm. The best
fits are shown in Figs. 3e and 3f, while a summary of the
rms analysis is graphically displayed in Figs. 3h and 3i
(see SI). Using the same fitting procedure, we extract un-
physically high T, if we assume that demagnetization is
induced only by magnons or only by exchange reduction.
Moreover, either mechanism alone cannot reproduce the
observed magnitude of demagnetization (see SI).

To achieve good agreement between experiment and
theory, we must include both longitudinal and trans-
verse spin-excitations, along with a much smaller atomic
moment reduction due to thermal smearing. On short
time scales (0.7ps, Ama,e=0.12+£0.01) the exchange
splitting is reduced by Ae,  for an electron tem-
perature around 1120K, such that Am;=0.032+0.013,
which accounts for approximately 1/4 of the measured
Amaye=0.12. This is accompanied by an electronic con-
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FIG. 3. Comparison of the experimental (a) and theoretical (d) angle- and energy-resolved T-MOKE asymmetries before laser
excitation. Comparison of the experimental (b, ¢) and theoretical (e, f) differential asymmetry spectra at 0.7 ps and 3 ps. The
measured differential spectra (b) and (c) at both delay-times exhibit distinct qualitative differences from the spectrum at time-
zero, (a). (e) and (f) show specific examples of calculated spectra near the optimal values determined from the least-squares-fit.
Last row (g)-(i) - contour plots of quadratic fits to rms residues resulting from independent fitting of ab initio calculated spectra
to measured spectra. It can be clearly seen how the Co film is excited by a femtosecond laser pulse from <0ps (g) to 0.7 ps (h)
and how it relaxes back towards equilibrium from 0.7 ps (h) to 3ps (i). In (g) Am; = 0.008 is based on Ref.*2.

tribution of Am,.=0.008 and a magnon-generation con-
tribution of Am;=0.073+0.006, or 2/3 of the observed
magnetization reduction, which results in a total reduc-
tion of the magnetic moment to about 1.44 up/atom
(Am=0.115+0.014). On longer time scales (3ps,
AmMiaye=0.05£0.01), the lower electron temperature al-
lows a partial recovery of the exchange reduction to about
Ae, =0.15eV (Am;=0.021£+0.011), which is accompa-
nied by a magnon contribution of Am;=0.028+0.004
resulting in a total reduction of the magnetic moment
to about 1.54 yp/atom, or Am=0.049+0.012. We con-
clude that the changes in the magneto-optical signal at
3 ps originate from roughly equal contributions of ex-
change splitting and nonequilibrium magnon excitation.
This finding is interesting, since one might expect that
thermalization would mainly support magnon generation

rather than longitudinal excitations. However, our calcu-
lations confirm that the total energy costs associated with
a local moment reduction (AE=1.4meV for Am;=0.021
and AE=2.6meV for Am;=0.032) are comparable to
those of magnons. Thus, the Co local moment is appar-
ently very susceptible to perturbations and a significant
contribution to the demagnetization from its decrease is
therefore possible. We also note that the exchange and
magnon contributions are not strongly dependent on the
electron temperature (see SI).

Our observation of fast magnon generation that ac-
counts for ~ 2/3 of the magnetization reduction at 700 fs
is surprising. It is important to note, however, that our
sample consists of a Co film on an insulating substrate.
This means that any laser-generated superdiffusive spin
currents cannot escape the film, and hence other spin



dissipation channels such as ultrafast magnon generation
can come into play. Moreover, while a persistent reduc-
tion of the exchange splitting for times >3 ps might not
be expected, strong coupling between nonthermal, high
energy transverse (magnons) and longitudinal (Stoner)
excitations in the 100 meV range might lead to compara-
ble thermalization time for both excitations.

The possible contributions of reduced exchange
splitting and magnon excitation have been discussed
over the last years, but without strong consen-
sus to date?10,22,28,30,38,43-46 Some authors ob-
serve a change of exchange splitting during ultrafast
demagnetization3®44 46 while others do not3°. One
source of confusion has been that it had not been re-
alized that the behavior of magnetic films on metallic
substrates is different, since spin currents can modify the
occupations of the spin-polarized bands. Also, different
probes measure different parts of bands in the Brillouin
zone and are thus sensitive to different contributions!®.
In addition, the behavior of 4f ferromagnets is more
involved than in pure 3d systems due to coupled reac-
tions of 5d and 4 f spin-polarized electrons** 4%, Recently
Carpene et al. used femtosecond magneto-optical and
reflectivity spectroscopy to study demagnetization of an
Fe film, and concluded that the process is dominated by
transversal spin excitations and not changes in exchange
splitting®®. Our results for Co uncover the importance
of both magnon excitation and exchange reduction. The
fact that Fe has a larger exchange splitting than Co might
play a role here, making transverse spin excitations en-
ergetically more favorable in Fe. Also, in contrast to the
small spectral region probed by Carpene et al., broad-
band HHG makes it possible to probe the entire Co M, 3
edges, significantly increasing its sensitivity to changes

in the band structure.

In summary, we present a new perspective on the long-
standing question of what microscopic mechanisms are
responsible for ultrafast laser-driven demagnetization of
ferromagnets. By combining ultrafast time-, energy-, and
angle-resolved measurements of the transverse MOKE
at the Co My z-absorption edges with advanced ab ini-
tio magneto-optical calculations, we conclude that two
mechanisms are dominant for our sample structure and
geometry with roughly equal contributions: a transient
reduction in the exchange splitting, and ultrafast magnon
generation. Surprisingly, we find that the magnon con-
tribution to ultrafast demagnetization is already strong
on sub-picosecond timescales, while the reduction in ex-
change splitting persists to several picosecond timescales.
Finally, our findings demonstrate the original conjecture
by Erskine and Stern that each of these mechanisms has
a particular magneto-optical “fingerprint” that makes
identification possible3?.
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