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Ultrafast demagnetization, a phenomenon of utmost interest in the context of optical control of magnetically
recorded data, has been extensively studied in a variety of different materials. However, only a limited number
of studies have investigated the impact of the pump laser wavelength on the process, and only within a narrow
spectral range. Performing resonant scattering experiment at the cobalt M, 3 edges, using extreme ultraviolet
radiation photons from a high harmonic source, we studied the ultrafast demagnetization dynamics of Co/Pt
multilayers by tuning the pump wavelength to 0.4, 0.8, and 1.8 um. We show that the degree of demagnetization
at short time scale (100s of fs) is stronger at longer wavelengths. This is explained by the wavelength dependence
of both the laser induced heating of the electrons (7, o A?) and the spatial distribution of the electromagnetic

energy deposited into the multilayer sample.

DOI: 10.1103/PhysRevB.101.054430

I. INTRODUCTION

In 1996, Beaurepaire et al. [1] discovered ultrafast de-
magnetization as a femtosecond laser driven process. More
recently, coherent control of magnetization has been demon-
strated using THz pulses [2,3], where the magnetic moment
of the material follows the magnetic field of the optical
excitation. However, for the vast majority of reported cases,
the exact nature of the electromagnetic field driving the
process (the pump pulse) has not been considered. Previ-
ous work considered the energy dependence of the ultrafast
magnetization probe, e.g., to study the spin-polarized elec-
trons energy compared to the Fermi level [4], or to sepa-
rate the optical coherent effects from the true magnetization
response of a material when the magneto-optic Kerr effect
(MOKE) is used for probing [5]. In comparison, most studies
gave no consideration to the effect of the pump wavelength,
with a few exceptions [6-8], and simply used the most
available femtosecond technology, the titanium-sapphire laser
(A ~ 0.8 um).

The creation of hot, conducting electrons is recognized as
the first step of the demagnetization sequence [4,9-13]. It has
been recently shown using ab initio calculations [14] that the
early onset of demagnetization is dominated by electronic pro-
cesses. Tengdin et al. [15] provide evidence that the demag-
netization is driven by an optically excited transient increase
of the electronic temperature. Furthermore, the importance of
the temperature distribution of these hot electrons has recently
been shown to play a major role in demagnetization [15-17].
It has been demonstrated that magnetization can be quenched
via an indirect excitation by hot electrons optically created
in an infrared (IR)-opaque capping layer [16,18-20]. In the
case of such indirect excitation, super-diffusion of nonthermal
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[16,19] or diffusion of thermal [18,20] hot electrons from this
capping layer into the magnetic structure initiate the ultrafast
demagnetization. In the case of direct excitation, we expect
the wavelength of the pump pulse to have an effect on the
energy transfer to the hot electrons responsible for the process.

II. EXPERIMENT & RESULTS

We investigate the pump-wavelength dependence of the
ultrafast demagnetization of a Co/Pt multilayer sample
(SiN3g /Pty /[Cog 6Pto.8]30/Al3) using pump with wavelengths
of 0.4, 0.8, and 1.8 um. HHG-based x-ray resonant mag-
netic scattering (XRMS) at the cobalt M edge (60 eV) was
used to probe the magnetization dynamics. The pump-probe
experiment is schematized in Fig. 1 and more details are
provided in the Supplemental Material. We observe a sig-
nificant wavelength dependence of the maximum degree of
magnetization quenching at constant absorbed energy, with a
stronger quenching for longer pump wavelength.

Results for the initial 2.5 ps delays at a variety of
pump fluences for the three wavelengths are shown as sym-
bols in Figs. 2(a), 2(b), and 2(c). In order to recover the
wavelength scaling, the indicated fluences are corrected by
the loss from sample reflections, and therefore correspond to
the absorbed fluence. All the curves shown in Fig. 2 exhibit
the characteristic behavior of a sharp decay within hundreds
of fs, followed by a slower partial magnetization recovery. The
time at which the maximum quenching of the magnetization
occurs (minimum of the curve) appears to be wavelength and
intensity independent at ~230 fs. While the curves for pump
at 0.4 and 0.8 wm show an almost linear recovery (a) and (b),
the curves for 1.8 um (c) exhibit a more pronounced curvature
and a faster recovery.

©2020 American Physical Society
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FIG. 1. Conceptualization of the pump-probe XRMS technique.
The pump (red) reach the sample at a time ¢ before the 60-eV
photons (blue). The pump affects the sample magnetization. The
60-eV photons are diffracted by the striped magnetic domain. The
intensity of the diffracted peak is proportional to the transmission of
the sample and the second power of its magnetization at time ¢ [21].

We have fitted these results with an empirical model
(dashed lines) based on convolution of a normalized Gaus-
sian pulse with a bi-exponential decay [21-23]. The model
describing the evolution of the normalized magnetization
M(t)/M, yields the characteristic time scales of the magne-
tization quenching (demagnetization time, 71) and the slower
partial recovery (recovery time, 7). The parameters 7; and 7,
are illustrated in Fig. 2(e):
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FIG. 2. Demagnetization curves for the three pump wavelengths
(a) 0.4 um, (b) 0.8 um, (c) 1.8 um. (d) Comparison of dynamics
at different wavelengths for the same maximum quenching, B. (e)
Comparison of curves showing the same long-term magnetization
level C. (f) Same curves as (e) for the complete measured pump-
probe delay. The fitting parameters are illustrated in (e) and (f).

where H(t) is the Heavyside function. The parameter B pri-
marily determines the maximum quenching of the magnetiza-
tion, 1 — (M/Mpy)min. Parameter C represents the asymptotic
demagnetization at long delays, i.e., the higher C, the lower
the recovered magnetization [see Fig. 2(f) where B and C are
represented].

For comparison reasons, we grouped the measurement data
either by the maximum demagnetization (constant B) or by
the constant asymptotic magnetization level (constant C).
Demagnetization dynamics measurements in Fig. 2(d) show
the curves for the three pump wavelengths of identical max-
imum quenching. It indicates a faster recovery for the longer
wavelength for the same level of magnetization quenching.
Conversely, Fig. 2(e) is grouped for comparison of curves
that reach the same value of demagnetization at long delays
(constant parameter C). One notes that the 1.8-pum-pumped
curve exhibits the highest level of magnetization quenching
(parameter B), followed by the 0.8 wm and then the 0.4 pum.
Figure 2(f) shows the same curves as Fig. 2(e), but over the
full range of the measured pump-probe delays up to 13 ps.

III. DISCUSSION

A. Alternative energy gauges

Our results indicate that either the initial demagnetiza-
tion, its recovery, or both are being influenced by the pump
wavelength. In order to avoid inaccuracies from a separate
measurement of the absolute pump fluences, we introduce two
gauges for the energy absorbed by the system. These gauges
are independent of experimental conditions and consist in
(i) the recovery time, T3, and (ii) the remaining demagnetiza-
tion at long delays, C. The maximum magnetization quench-
ing, B, is then evaluated as a function of these gauges in Fig. 3.
In Fig. 3(a), the dependence of B over the recovery time,
T3, is approximated with a linear function. In Fig. 3(b), the
maximum demagnetization, B, is depicted as a function of the
remaining demagnetization at long delays, C. It is empirically
fitted by a square root function. The insets of both panels show
the empirical fitting parameters as a function of wavelength.
In both cases, the maximum quenching of magnetization at
early time (B) increases with increasing pump wavelength.

Such different scaling behavior of B vs C and B vs 73 is
expected. Although parameter C is clearly linked to the ab-
sorbed energy, their relation at very low and very large pump
fluence is uncertain. At very low pump fluence, the recovery is
fast enough for the asymptotic-like value of the magnetization
between ~2.5 and 13 ps to be zero, while parameter B is
nonzero. Additionally, as the quenching of magnetization
saturates for large pump fluences, the parameter B levels off
while parameter C keeps increasing, leading to a radical-like
function.

The recovery time, 7, however, represents a physical
quantity more directly related to the absorbed energy, as an
excited system will unequivocally recover over a certain time.
The linear dependence of T, with the pump fluence has been
extensively observed [15,21,24,25]. An explanation is that the
specific heat of the electron bath increases with increasing
temperature, reducing heat transfer rate to the phonons for
high fluences [26,27]. In our study, 7, is also found to
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FIG. 3. Wavelength dependence (0.4 um in blue, 0.8 um in
orange, 1.8 um in red) of the maximum magnetization quenching
B and the alternative energy gauges C, and 7, [c.f. Eq. (1)]. The
dashed lines represent an empirical extrapolation of the data points.
Each data point represents a full demagnetization curve. Panel (a)
shows the maximum quenching B in relation to the relaxation time,
7. Panel (b) depicts the maximum quenching of the magnetization B
in relation to the asymptotic demagnetization C. The insets of panel
(a) and (b) represent the fitting parameters for both empirical fitting
equations.

increase linearly with the measured fluence for all wave-
lengths [28]. Additionally, since the recovery of the magne-
tization begins long after the pump, it should be unaffected
by any wavelength-dependent material effect. Hence, in the
context of investigating a wavelength scaling of the ultrafast
demagnetization, we argue that 7, is a more intrinsic gauge of
the effective fluence reaching the material.

For the reasons stated above, both gauges cannot have
the same relationship to the absorbed energy in the system,
although they undoubtedly share a dependence to it. Plotting
C against 7, for the three wavelengths [28] shows that both
gauges are independent of the pump wavelength. This can
be explained by the fact that, far from a phonon resonance,
the rate of the energy dissipation is a property of the material
that is expected to be completely independent of the photon
wavelength. The time it takes for the energy to dissipate
(t2), or equivalently, the asymptoticlike magnetization at
long delays (parameter C), should only depend on the energy
absorbed by the system. These assumptions are consistent

with the demagnetization measurements of a directly and
indirectly excited similar Co/Pt multilayer [20], where no
discernable differences in the dynamics of magnetization
recovery have been observed, despite the very different nature
of the initial excitation.

B. Drude model with dispersion

Explaining these results with a complete model would
be extremely challenging as it would require starting from
first principles, i.e., dealing with the multibody electron,
phonon, and spin wave function coupled with the laser pulse’s
electromagnetic wave propagation across multiple material
interfaces and throughout the entire sample. So far, exper-
iments were explained successfully with Beaurepaire’s [1]
phenomenological three-temperature model (37) that tracks
the evolution of the average energy of the electron, spin, and
phonon (ESP) populations in terms of the ESP temperatures
1., T;, and T,. Within the 3T perspective, the individual
ESP populations are assumed to be in an internal thermal
equilibrium at all times and the laser-induced demagnetization
proceeds as follows. First, on the time scale of the pulse,
electrons are heated by the laser with negligible energy ex-
change with the spin and phonon populations. In a second
step, excess electronic energy is transferred to the spins,
reaching a maximum of demagnetization on the subpicosec-
ond time scale. Finally, as the three populations evolve toward
a thermal equilibrium, magnetization is partially recovered.
Demagnetization on the multipicosecond time scale [C, see
Fig. 2(f)] is proportional to the energy deposited into the
sample. For moderate heating, it is possible to show that
the maximum electron temperature reached after the pump
pulse is proportional to the fluence F Ref. to SI ([28]):

2 w
ATe,max = T()z() +-W-T.o = —, (2)
Ty T C(Tep)

where T,  is the initial electron temperature, and y is the elec-
tronic specific heat constant such that C,.(7,) = yT,,and W =
2w e, F /A is the energy density transferred to the medium with
a relative permittivity &, = & + ie,. We stress that with this
definition of W, both F' and A are defined in vacuum. In most
studies so far, the term 2w e, /A was assumed to be constant,
leaving the long-term demagnetization to depend only upon
the laser fluence F. However, it appears clearly here that
the laser-induced demagnetization dynamics should also be
influenced by the pump wavelength A, for the simple reason
that materials are optically dispersive, i.e., that the value of
their relative permittivity changes with the wavelength.

We computed an effective sample permittivity sample by
weighting the contribution from the individual materials with
respect to their relative volume and observed that energy
absorption globally scales with A? Ref. to SI ([28]). We can
link this trend to a more effective heating of the conduction
electrons at longer wavelengths via intraband transitions. For
instance, for the wavelength range considered in the experi-
ments, the weighted, effective optical response is fairly repre-
sented by a Drude permittivity and it is possible to show that
the cycle-averaged optical power absorbed by the conduction
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FIG. 4. Optical absorption data for Al [29], Pt [30], and Co [31]
reveal a strong dependence with regards to the laser wavelength. Es-
timations based on the Beer-Lambert law (see text) and the thin-film
electromagnetic theory (TF, black line) show that with increasing
wavelength more energy gets deposited in the Co/Pt part of the
sample.

electrons can be approximated by the following equation:

aw 1 o s ~ 2N 2
7 :5 —1+w21—2 E():TUPO()\” (3)

where o is the static conductivity, @ = 2w ¢/A is the angular
frequency, 7 is the electron collision mean free time, Ej is the
amplitude of the electric field, N is the density of conduction
electrons, and U, = ¢’ E; /4mw? is the ponderomotive energy
of a free electron oscillating in the field, with e being the
elementary electric charge and m the electron mass. The
A2-scaling trend indicates that, for a given pulse energy,
electron heating and subsequent demagnetization should be
more efficient using longer wavelengths. This is supported
by our observations of a higher level of demagnetization at
early times for 1.8 um. Note that in the limit where w = 0,
the equation above is equivalent to the static source term P(t)
of Beaurepaire’s [1].

C. Optical absorption in the multilayers

Further insight was gained by looking at optical data for
Al [29], Pt [30], and Co [31], from which we computed the
decay constant « = 2wk /XA as a function of the wavelength
A(n and « are the refractive index and extinction index, such
that &, = (n + ik )?). We consider an oxidation layer (Al,03)
of 1.5 nm [32-34], reducing the effective thickness of the
aluminum capping layer to 1.5 nm.

It is noted that the optical data from the above references
was obtained from films with different thickness compared
to our sample. It is known that for nanoscale objects like
thin films, optical properties are strongly influenced by the
size of the object, e.g., by the thickness [35]. The current
analysis provides an intuitive picture to explain our results, but
should be interpreted with care. Nevertheless, from the results
summarized in Fig. 4, it stands out that optical absorption in
the three investigated conductive materials varies significantly
over the 0.4-1.8 um and favors direct energy deposition in
Co/Pt when increasing the wavelength from 0.4 to 1.8 um.

In order to get a qualitative insight, we first used the Beer-
Lambert law. At first glance, it suggests that more than 80%
of the pulse energy transmitted into the sample is effectively

deposited into the Co/Pt layers [28] and that the dependence
of this transmitted energy with the wavelength is not strong
(within 2%). However, including multiple optical reflections
at the Al-Pt and Al-air interfaces reduces the fraction reaching
the Co/Pt layers down to 70% while increasing the wavelength
dependence to ~7%. To fully assess optical reflections and
multiple beam interference in the entire sample, we used the
thin-film electromagnetic theory [36]. The complete theory
clearly shows that out of a given pulse energy reaching the
Co/Pt layer, about 15% more gets absorbed at 1.8 um com-
pared to 0.4 um (thin-film results are labeled TF in Fig. 4).

From this analysis, it stands out that for a given pulse
energy deposited into the sample, a higher fraction is effec-
tively absorbed within the Co/Pt at 1.8 pum, followed by 0.8,
and 0.4 pum. At short time scales, an increasing transient
electron temperature is reached in the magnetic region of
the sample for longer pump wavelength thus leading to a
stronger quenching of the magnetization at short time scales
[B, see Fig. 2(e)]. As the system reaches equilibrium, the
temperature becomes uniform across the sample and the same
level of demagnetization is reached on the multipicosecond
time scale [C, see Fig. 2(f)]. To summarize, we identified two
contributions to the wavelength dependence of the demag-
netization of Co/Pt layers: first, heating at short time scales
is more efficient at longer wavelength (7, o A?) and second,
subwavelength optical effects unfolding through the entire
sample favor energy deposition into the magnetic domains
with increasing pump wavelength, in the studied range. More
studies are needed to disentangle both contributions.

Obviously, more investigation is needed to provide full
insight into the light-induced, wavelength-dependent demag-
netization dynamics revealed by the current experiments.
Proper models should include a microscopic description of
the ESP populations’ dynamics and energy distribution but,
as emphasized above, they should also deal properly with
electromagnetic effects on the full sample scale. Microscopic
effects are likely to introduce a temperature dependence for
the collision frequency which, in turn, defines the conductivity
and optical absorption of the materials. This would affect the
wavelength dependence of the overall laser-induced demagne-
tization process. However, this does not affect the general con-
clusion of our simplified analysis, i.e., that pump wavelength
scaling of laser-induced ultrafast demagnetization can only
be fully assessed if regular optical principles are taken into
account. Providing such a full microscopic-to-macroscopic
perspective is a challenge that will be difficult to overcome
in the near future.

Finally, previous reports have also identified a wavelength
dependence on the demagnetization of different materials.
Of those reports, Bierbrauer et al. [7] is the most relevant
comparison to this work. They have reported time-resolved
MOKE measurements on bulk nickel, for pump photon en-
ergies of 1.55 eV (0.8 um) and 3.10 eV (0.4 pm). Our
observations strongly overlap with theirs, however, with dif-
ferent interpretation. They have normalized the data to the
maximum demagnetization and have attributed the observed
wavelength dependence to different system recovery times.
Renormalizing the data to the absorbed energy instead reveals
that it is the maximum quenching of the magnetization that is
wavelength dependent [see Fig. 2(e)].
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IV. CONCLUSION

In conclusion, we have studied the effect of the pump
wavelength on the ultrafast demagnetization of a Co/Pt mul-
tilayer sample. We attribute the intrinsic behavior of the
magnetization at long pump-probe delays to the absorbed
energy in the system, allowing a comparison completely
free of uncertainties arising from the determination of the
wavelength-dependent absorption and reflectivity, and of the
distribution of such absorbed energy within the sample. We
find that a longer wavelength quenches the magnetization on
the ultrashort time scale more efficiently. Numerical analysis
suggests that this observation is related to (i) a more efficient
electronic heating in metals at longer laser wavelengths, and
(i1) a wavelength dependence on how the energy is deposited
spatially in the complex sample favoring more efficient cou-
pling to the Co/Pt layers at 1.8 um. This work suggests routes

of optimizing the capping layer and the pump wavelength for
more efficient absorption of the energy in order to drive low
consumption magnetic devices.
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