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Magnetization relaxation dynamics in [Co/Pt]3 multilayers on pico- and nanosecond timescales
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We experimentally investigated magnetization relaxation dynamics in the largely unexplored time window
extending from few picoseconds up to two nanoseconds following femtosecond laser pulse excitation. We
triggered magnetization dynamics in [Co(0.4 nm)/Pt(0.7 nm)]3 multilayers and measured the resulting magneto-
optic response by recording both transient hysteresis loops as well as transients of magnetization dynamics. We
observe that the coercive field of the sample is still strongly suppressed even ∼1 ms after the laser excitation,
which is three orders of magnitude longer than the recovery time of the magnetization amplitude. In addition,
we succeeded to fit the magnetization relaxation data in the entire experimentally observed time window by
considering two phenomenological time constants τ ∗

f and τ ∗
s describing fast (ps) and slow (ns) magnetization

relaxation processes, respectively. The fits of the data suggest a magnetic field dependent relaxation slowdown
beyond 100 ps after excitation. We observe an explosion of the τ ∗

f and τ ∗
s values when the magnetization is

completely quenched and relaxes intrinsically in the absence of an external magnetic field. We interpret the
phenomenological time constants τ ∗

f and τ ∗
s using an intuitive physical picture based on the Landau-Lifshitz-

Bloch model and numerical solutions of the extended three-temperature model [Shim et al., Sci. Rep. 10, 6355
(2020)].

DOI: 10.1103/PhysRevResearch.3.033061

I. INTRODUCTION

Ultrafast control of the magnetization orientation in fer-
romagnetic thin films on femto- and picosecond timescales
currently attracts strong interest, not only because of its sci-
entific allure, but also for its vast potential to impact future
magnetic storage technologies. It has been shown to enable
an unprecedented speed of magnetization reversal [1–3] and,
possibly, could offer an alternative approach to data process-
ing techniques [4–6]. Understanding the physical processes
governing the spin system dynamics is crucial in order to
define the speed and efficiency of the switching process. Up
to date, optically induced magnetization reversal, also known
as all-optical-switching (AOS), has been intensively studied
in ferrimagnetic systems, such as GdFeCo and TbCo alloys
[7–12], and ferromagnetic [Co/Pt]N multilayers [13–17]. The
latter belong to the most thoroughly studied systems, due
to a broad range of devices and effects based on this sys-
tem, such as spin valve devices [18,19], magnetic tunnel
junctions (MTJs) [20,21], magnetic random access memories
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(MRAMs) [22], skyrmion generation [23], or THz emission
[24,25].

Since the magnetization dynamics on the femtosecond
timescale is beyond the limits of classical Landau-Lifshitz-
Gilbert (LLG) theory, the spin dynamics is often described
in the framework of the so-called phenomenological three-
temperature model (3TM) [1,26] by tracing the energy flow
among the interacting electron, spin, and lattice reservoirs,
which are assigned different effective temperatures [2]. Based
on the 3TM, Koopmans et al. have developed the micro-
scopic three-temperature model (M3TM) model [27] that was
successfully applied to numerous experimental observations
[14,28–30]. However, both the 3TM and the M3TM seem to
describe the experimental data only in a limited time win-
dow (<100 ps) [31]. Another approach to analyze ultrafast
laser-induced magnetization dynamics is the Landau-Lifshitz-
Bloch (LLB) model, which was developed by Garanin in
1997 based on the Fokker-Planck equation [32]. The model
distinguishes longitudinal and transverse magnetization relax-
ation. The former affects the magnetization amplitude, and
the latter proceeds via LLG damping of magnetization pre-
cession. The LLB model suggests [33] that longitudinal and
transverse relaxation can be treated as independent processes
and contribute to the magnetization dynamics at different
timescales. The LLB model was successfully applied to ex-
plain magnetization dynamics in ferromagnetic Ni by Atxitia
and co-workers [34,35] resulting in significant agreement
between the model and experiments. Interestingly, Atxitia
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and Chubykalo-Fesenko demonstrated the equivalence of the
M3TM and the LLB model, if precessional dynamics is not
taken into account in the latter [33].

Magnetization dynamics of ferromagnetic [Co/Pt]N multi-
layer systems in the ultrafast time regime have been studied
extensively in a large parameter space, such as external field
[28], sample structure [14,36,37], laser fluence [28], laser
repetition rate [17], or light polarization [38]. It is gener-
ally assumed that the observed relaxation dynamics is the
consequence of an interplay between several physical mech-
anisms and the contribution weight of each mechanism may
vary depending on the external parameters. Experiments us-
ing element-selective soft x-ray probing [39] suggest that
the magnetization relaxation processes after optical excitation
may be associated with phonon [40] or magnon generation
[41] due to the presence of hot electrons. Each of these pro-
cesses may affect the magnetization dynamics on different
timescales [30]. In addition, [Co/Pt]N multilayers were shown
to feature a so-called accumulative switching, where multiple
pulses are needed for a complete reversal of the magnetization
[13]. The mechanism of the reversal has been related to the
inverse Faraday effect (IFE) [42] or to heat-driven magnetic
circular dichroism (MCD) [43]. The connection between mag-
netization switching and relaxation has been addressed within
the 3TM. Nevertheless, the role of magnetization relaxation
dynamics in this switching process is still unclear and requires
further investigation.

In this paper, we present an experimental study on magne-
tization relaxation processes following femtosecond optical
excitation of [Co/Pt]3 multilayers examined by the time-
resolved polar magneto-optic Kerr effect (TR-P-MOKE). The
motivation of the study is to understand spin dynamics in
ferromagnetic multilayers that enable spintronic applications
in the frequency range from DC (MTJs), through low frequen-
cies (MRAMs), up to 1012 Hz (THz generation and AOS). In
contrast to most earlier studies that have been focusing on the
dynamics in the time window of a few picoseconds [14,28,36],
our measurements span the relaxation time window starting
from subpicoseconds up to two nanoseconds after the optical
excitation. Our analysis reveals the presence of at least two
mechanisms that drive the system back to equilibrium. For
an in-depth analysis, we fit the transient magnetization curves
with a phenomenological response function comprising two
phenomenological time constants τ ∗

f and τ ∗
s describing fast

(ps) and slow (ns) magnetization relaxation processes, respec-
tively. We discuss our findings also in the framework of the
extended three-temperature model (E3TM) [44] and the ex-
tended microscopic three-temperature model (eM3TM) [45].
Finally, we interpret the phenomenological time constants τ ∗

f
and τ ∗

s using an intuitive physical picture based on the LLB
model and numerical solutions of the E3TM, which fits our
data very well for timescales <200 ps.

II. EXPERIMENTAL PROCEDURES

A. Sample fabrication

[Co(0.4 nm)/Pt(0.7 nm)]3 multilayers were fabricated on
top of oxidized Si(001) wafers by magnetron sputtering
at room temperature. A 5-nm-thin Ta buffer layer and a

2-nm-thin Pt capping layer were added in order to achieve
perpendicular magnetic anisotropy (PMA) and to prevent oxi-
dation, respectively. The deposition rate for each material was
monitored by a quartz crystal microbalance. The thickness
of the multilayer stack was calibrated by x-ray reflectiv-
ity (XRR) measurements. In order to confirm out-of-plane
magnetization, we employed static magneto-optic Kerr effect
magnetometry in polar geometry (P-MOKE) for measuring
the magnetic hysteresis loops.

B. Pump-probe experiments

Our experiments employ a two-color pump-probe config-
uration with pump and probe beams at 800 and 400 nm
wavelength, respectively, both pointed towards the sample
surface at near-perpendicular (<5 °) incidence. The laser spots
of pump and probe at the sample surface were focused with
a diameter ratio of 4:1 (240 μm : 60 μm), ensuring perfect
spatial overlap and probing of the center of the laser-affected
area. After reflection from the sample, the probe light was split
by a Wollaston prism into orthogonally polarized beams that
were detected using two photodiodes and two lock-in systems
synchronized to the 1-kHz laser pulse repetition rate. The
TR-P-MOKE signal at each time-delay is obtained as the dif-
ference of absolute values of signals measured at two opposite
out-of-plane magnetic fields H+ > 0 and H– = −H+, where
the maximum field is H+ = 80 kA/m. As this procedure is
expected to subtract the signal independent on magnetic field,
the optical response of the normalized Kerr signal as a func-
tion of delay between pump and probe pulse is proportional
to the out-of-plane magnetization dynamics. For more details
on the pump-probe setup and measurement procedure, see
Appendix A.

C. Constant and pulsed field initialization of the magnetic state

The stroboscopic nature of pump-probe experiments re-
quires the initialization of the magnetic state after each
excitation-detection cycle. This can be achieved by applying a
constant magnetic field, which, however, not only reinitializes
the sample, but also affects the magnetization dynamics in the
entire time window following the excitation. In order to cir-
cumvent this drawback of the constant field initialization, we
reset the sample magnetization in the second configuration by
applying comparably short out-of-plane magnetic field pulses
of 40 μs duration. The pulses have an amplitude of approx-
imately 60 kA/m and are generated by a low-inductance coil
brought very close to the sample. The coil has a significantly
larger diameter than the extent of the probe laser spot and thus
generates there a comparably homogeneous magnetic field as
in the constant field measurements. The timing scheme show-
ing the pump, probe, and magnetic reset pulses is sketched
in Fig. 1. The magnetic field pulses are synchronized with
the laser repetition rate of 1 kHz, but shifted by 0.5 ms into
the middle of the time interval between two successive pump-
probe cycles. We note that, by magnetic pulsing, we were able
to gain direct access to the intrinsic magnetization relaxation,
i.e., the relaxation dynamics unaffected by the external mag-
netic field.
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FIG. 1. Timing scheme for the pump-probe measurements with
magnetic state initialization by magnetic field pulses, which are
synchronized with the laser repetition rate and applied in the middle
of the time interval between two successive optical pump pulses.

D. Measurement of transient hysteresis loops

In order to record snapshots of the evolution of the hys-
teretic magnetization behavior at a fixed delay time td , we
recorded series of so-called transient hysteresis loops. These
were measured by fixing the pump-probe delay time and
recording the change of the TR-P-MOKE signal as a func-
tion of applied external magnetic field in the range of H =
±80 kA/m, similar to the procedure described in [46].

III. 3TM-BASED AND PHENOMENOLOGICAL
RESPONSE FUNCTIONS

Experimental transient magnetization curves are analyzed
by fitting response functions to extract relevant parameters.
We distinguish (i) response functions that are solutions to one
of the various versions of the 3TM and (ii) purely phenomeno-
logical response functions. The latter are commonly used in
the literature [29,30,47–54] to extract empirical time constants
and potentially guide theoretical model development.

A. 3TM-based response functions

In the standard 3TM, the dynamics of the electron, spin,
and lattice systems are described in terms of thermal energy
flow between separate but interacting reservoirs, which are
assigned different effective temperatures Te, Ts, and Tl , re-
spectively [2]. The system of differential equations describing
the dynamics of the 3TM system is in general not solvable
analytically without simplifying assumptions. In the perturba-
tive regime (low pump laser fluence), where the heat capacity
of the spin system can be neglected, the spin and electron
temperatures evolve in the same way (Ts = Te) and the 3TM
reduces to the 2TM. An analytical solution of the 2TM was
given by van Kampen et al. [26] and later improved by Dalla
Longa et al. [55]. However, our experiments were performed
well outside the limits of the perturbative regime, as we used
large pump laser fluences that led to magnetization quenching
of up to 100%. The high fluence regime is described by the
M3TM [27] that allows the spin temperature to reach TC, i.e.,
full magnetization quenching. Both the 3TM and M3TM have
a validity limit below 100 ps and are not suited to describe
our target timescale of up to nanoseconds. Recently, a model

has been developed that extends the validity to a broader time
interval, namely the extended microscopic three-temperature
model (eM3TM) [45], which additionally accounts for the
heat flow from the lattice system to the thermal reservoir of
the substrate kept at constant temperature Ta. Such thermal
diffusion of energy via the lattice is also included in the ex-
tended three-temperature model (E3TM) [44], although it was
developed primarily to account for the excitation of nonther-
mal electrons during the first picoseconds and the subsequent
energy flow from the nonthermal electrons to the thermal elec-
tron, lattice, and spin subsystems (for a full description of both
extended models, see Appendix F). In both models [44,45],
the inclusion of the heat flow to the substrate describes the
dissipation of the energy input of the pump laser pulse into the
substrate, which enables the system to completely relax to the
initial state (magnetization and temperature) before laser exci-
tation. In the eM3TM, the differential equation describing the
evolution of lattice temperature [see Eq. (F1b) in Appendix F]
is extended by a second term,

(
dTl

dt

)
Substr.

= (Ta − Tl )

τa
,

where τa is the characteristic time constant of the heat flow
from the sample to the substrate. In the E3TM, the heat flow
to the substrate is modeled in terms of thermal diffusion char-
acterized by the coefficient Kl [see Eq. (F2c) in Appendix F]
described as (

Cl
dTl

dt

)
Substr.

= −Kl (Tl − Ta)3,

where Cl is the heat capacity of the lattice system. The re-
sponse functions for the normalized transient magnetization
m(t ) = M(t )/Ms of both models cannot be determined ana-
lytically, but can be obtained for a given set of parameters by
numerical integration of the differential equations. We applied
both the E3TM and the eM3TM to fit our data. We note,
however, that neither of the two models is able to describe
our measured data in the full time interval. For details and
the fitting curves, see Appendix F. Key results are shown in
Figs. 3(d), 3(e), 5(e), and 5(f) and discussed in Sec. VII.

So far, no magnetic field dependence of the magnetization
relaxation on long timescale has been considered in any 3TM
based models. The effect of the external magnetic field can be
included in the M3TM because it contributes to the effective
field in the material as does the field due to the inverse Faraday
effect [42]. However, the validity of the M3TM is limited
to short timescales (<100 ps). Therefore, no existing model
accounts for the effect of the external magnetic field on longer
timescales up to nanoseconds.

B. Phenomenological response function

In order to fit ultrafast magnetization relaxation measure-
ments and to extract characteristic time constants, several
authors [30,48,51] applied a phenomenological response
function that has been inspired by the analytical solution of the
2TM. For this approach, the simplified expression for the evo-
lution of the electronic temperature �Te(t ), which contains
only the zero-order harmonics of the full expression [56], is
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considered,

�Te(t ) = �T1(1 − e−(t−t0 )/τm )e−(t−t0 )/τE

+ �T2(1 − e−(t−t0 )/τE ). (1)

�T1 is the temperature increase of the electron system in
the absence of electron-phonon relaxation and �T2 is the
temperature increase of the electron system after the electron-
phonon relaxation. The two time constants τm and τE represent
the characteristic timescales of the energy transfer from the
photons to the electron reservoir (τm: ultrafast demagnetiza-
tion) and the subsequent energy flow from the electron to
lattice reservoir (τE : electron-phonon relaxation). In general,
changes of the normalized transient magnetization are, to the
first approximation, proportional to changes of the spin tem-
perature, �m(t ) ∝ −�Ts(t ) [57]. Considering this, the spin
temperature can be substituted by the electron temperature
�m(t ) ∝ −�Te(t ), therefore rendering Eq. (1) a phenomeno-
logical response function. The phenomenological response
function constructed in this way has been widely employed
to extract empirical demagnetization and relaxation times τm

and τE , respectively. However, the majority of the published
results on transients is limited to subnanosecond timescales
[29,30,47,48,51] for the magnetization dynamics data.

We attempted to fit our experimental data with Eq. (1) and
could find matching fits only in the time window below 100
ps. At timescales exceeding 100 ps, all fitting attempts showed
substantial deviations between fitted and measured curves (see
Fig. 10 of Appendix E). In order to extract phenomenological
time constants at all timescales, including the nanosecond
time range, we modified Eq. (1) by multiplying the second
term with an additional exponential factor e−(t−t0 )/τ ∗

s . The
resulting modified phenomenological response function then
reads

m(t ) = G(t ) ⊗ {1 − �(t − t0)[A1(1 − e−(t−t0 )/τ ∗
m )e−(t−t0 )/τ ∗

f

+ A2(1 − e−(t−t0 )/τ ∗
f )e−(t−t0 )/τ ∗

s ]}. (2)

Here, G(t ) is a Gaussian function with a full width at half
maximum (FWHM) of 80 fs, which represents the temporal
intensity profile of the femtosecond probe pulse and is con-
voluted with the main body of the response function, and
�(t − t0) is the Heaviside step function. Since our modifi-
cation is purely phenomenological, we also replace τm and
τE by phenomenological time constants τ ∗

m and τ ∗
f . τ ∗

m is the
phenomenological time constant of magnetization quenching,
τ ∗

f and τ ∗
s are phenomenological time constants describing

fast (ps) and slow (ns) magnetization relaxation processes,
respectively. In particular, the additional exponential factor
e−(t−t0 )/τ ∗

s containing the characteristic time τ ∗
s is intended to

describe relaxation slowdown on the nanosecond timescale.
A1 represents the normalized amplitude of the magnetiza-
tion quenching that would be achieved in the absence of
any relaxation. A2 is a measure of the strength of the re-
laxation slowdown. It indicates the remaining magnetization
quenching level at the time when, in the absence of relaxation
slowdown (A2 = 0), the subsystem temperatures would reach
equilibrium and the normalized transient magnetization would
return to saturation, m(t ) ≈ 1 (see Appendix C). We note that
fitting with Eq. (2) results, compared to Eq. (1) and the above-

FIG. 2. The demagnetization curve in (a) shows the evolution of
the magnetization of the [Co/Pt]3 multilayer after excitation with an
optical pulse with fluence of 18 mJ/cm2 measured in a static field of
80 kA/m. (b)–(g) Transient hysteresis curves measured at different
fixed probe time-delays td , as marked with colored arrows. The pur-
ple curve in (b) shows the hysteresis 50 ps before the excitation pulse,
i.e., approximately 1 ms after the preceding pump pulse, whereas
the black curve represents the static hysteresis measured without
applying pump pulses.

mentioned models, in a substantial improvement of the fits for
timescales exceeding 100 ps, while keeping the fits at shorter
timescales intact (see Fig. 10 of Appendix E). The possible
meaning of τ ∗

s in terms of physical processes associated with
magnetization relaxation is discussed below.

We emphasize again that our modified response function
is referring neither to the pure electronic temperature evolu-
tion nor to the solution of any version of the 3TM. Equation
(2) is a phenomenological equation that yields unique global
fits of magnetization transients with a minimum number of
free parameters and can be used to extract phenomenological
magnetization relaxation time constants.

IV. TRANSIENT MAGNETIZATION HYSTERESES
M VS H: FIELD DEPENDENT SNAPSHOTS

OF MAGNETIZATION RELAXATION

Figure 2 displays the optically induced TR-P-MOKE dy-
namic signal of a [Co/Pt]3 multilayer. In the data displayed
in the main Fig. 2(a), a magnetic field of 80 kA/m is applied
perpendicular to the surface and is kept constant during the
entire transient measurement. We applied a pump laser fluence
of 18 mJ/cm2 that induces the largest achievable magnetiza-
tion quenching without a permanent structural modification of
the sample (for details on determining the pump laser fluence
threshold for sample modification, see Appendix B). After
recording the transient magnetization curve, we measured a
series of transient hysteresis loops following the procedures
described in Sec. II D; see Figs. 2(b)–2(g). We note that the

033061-4



MAGNETIZATION RELAXATION DYNAMICS IN … PHYSICAL REVIEW RESEARCH 3, 033061 (2021)

transient magnetization values mS(td ) obtained after reaching
magnetization saturation in these transient hysteresis loops
match the m(td ) values in the dynamic measurement taken in a
static and saturating field H = 80 kA/m, as illustrated by the
colored arrows in Fig. 2(a).

The black curve marked in Fig. 2(b) as “no pump” shows
the normalized P-MOKE signal in the absence of pump
pulses. This static loop displays high squareness with a
coercive field Hc = 50 kA/m, which indicates a strong per-
pendicular magnetic anisotropy (PMA) [58]. For the later
analysis below, the absolute difference between two magneto-
optic signal levels for H = ±80 kA/m, extracted from static
hysteresis, was used as initial magnetic contrast for normal-
ization. Figure 2(c) shows that the hysteresis loop nearly
completely collapses [mS(td ) ≈ 0] at the time of maximum
quenching, td = 0.6 ps after the excitation. After reaching
this full demagnetization, mS(td ) continuously returns to its
dynamic equilibrium after about 500 ps after the excitation.
Figures 2(d)–2(g) illustrate transient hysteresis loops mea-
sured at different fixed delay times td . We stress that although
the transient hystereses show clear mS(td ) recovery, the tran-
sient coercive field H ′

c(td ) remains suppressed by almost 50%,
even at delay times more than one millisecond after the optical
excitation. This long-delay transient hysteresis was obtained
by adjusting the delay line at the position just before the zero
delay [e.g., td = −50 ps in Fig. 2(b)], thus allowing the sample
1 ms recovery time.

In order to trace even longer relaxation, we decreased the
laser repetition rate from 1 kHz to 200 Hz to achieve time
intervals up to 5 ms between successive pump-probe cycles.
As a result, the transient hysteresis loops recover gradually
and reach almost the shape of the static one at 3 ms pulse
interval (see Fig. 9 in Appendix D). Our observations clearly
reveal that the recovery of the transient coercive field H ′

c(td )
takes much longer than that of the transient saturation mag-
netization mS(td ). This fact as well as a significant change of
the shape of the transient hysteresis indicates that the sample
has still not relaxed into its thermodynamic equilibrium even
5 milliseconds after the pump pulse. This observation may be
important in the context of toggle switching.

V. IMPACT OF THE EXTERNAL FIELD

In this section, we present results on the influence of
the external magnetic field on fs laser-induced magnetization
dynamics of [Co/Pt]3 multilayers. We recorded the tran-
sients in a relatively broad time window ranging from a few
femtoseconds up to two nanoseconds after the laser exci-
tation and focused our examination on the processes that
drive the magnetic system back to equilibrium. The field
dependent magnetization dynamics m(Hi, t ) were measured
at six different static magnetic fields intensities Hi (i =
1 . . . 6), ranging from H1 = 11 kA/m to H6 = 91 kA/m [see
Fig. 3(a)]. The fluence of the pump laser pulse was kept
constant at 18 mJ/cm2. All the transient curves are normalized
to the initial magnetic contrast as defined in Sec. IV.

Figure 3(a) shows the demagnetization curves near zero
delay in the time window from −2 to 1 ps in linear-linear axis
scale. The rest of the time window is shown in a logarithmic
timescale. The measurements show that the transient curves

FIG. 3. TR-P-MOKE measurements on [Co/Pt]3 for different
applied magnetic fields. (a) Evolution of the magnetization after the
optical excitation in the time range −2 to 2000 ps. The data is plotted
on a linear timescale from −2 to 1 ps and on a logarithmic timescale
from 1 to 2000 ps. Differently colored symbols represent the data
for different field strengths as indicated. The solid lines represent the
corresponding fits with Eq. (2). Insets in (a) show minor hysteresis
curves with different field sweep maxima Hi as indicated and taken
at t = −50 ps, i.e., just before the pump pulse, approximately 1
ms after the previous excitation. Red and green background colors
indicate regions I and II, where the relaxation is weakly and strongly
affected by the magnetic field, respectively. Panel (b) shows the fit
amplitudes A1 and A2 as a function of applied magnetic field and
(c) the extracted time constants τ ∗

m (black squares), τ ∗
f (red circles),

and τ ∗
s (blue triangles). Panel (d) shows the inverse thermal diffusion

coefficient Kl
–1 extracted from fits with the E3TM as a function of

applied magnetic field and (e) the time constant τa extracted from
fits with the eM3TM. Dash-dotted lines in (b)–(e) are guides to the
eye and the shaded areas in (b) and (c) connect the error bars of the
corresponding data points.

nearly overlap during the initial approximately 60 ps. The
transients measured in applied fields below 34 kA/m start
with a lower value before time zero. This reduced normalized
magnetization value is attributed to an incomplete recovery
of the minor hysteresis loop. This is illustrated by the in-
sets in Fig. 3(a), where we show minor hysteresis curves for
t = −50 ps with different field sweep maxima corresponding
to selected Hi values. The m(t) curves start to deviate sig-
nificantly from each other for delay times exceeding 40 ps.
At this point, the relaxation process can be divided into two
separate time regions I and II, marked as red and green areas
in Fig. 3(a). Obviously, the transient magnetization m(Hi, t )
in region I is almost unaffected by the external field compared
to region II. The behavior in region I is similar to that reported
in [28] also for [Co/Pd]N, where the authors demonstrated the
independence of the relaxation rate on magnetic field within
the first 10 ps. In region II, stronger applied magnetic fields
tend to speed up the magnetization relaxation. Our results
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show that the effect of the external field affects the transient
curves significantly only for times exceeding 40 ps.

The m(Hi, t ) curves were fitted using the phenomenologi-
cal response function in Eq. (2) as well as with the response
functions obtained from the eM3TM and the E3TM by nu-
merical integration of the sets of differential equations [see
Eqs. (F1a)–(F1d) and (F2a)–(F2e) in Appendix F]. The best
fits were obtained with Eq. (2) and are included in Fig. 3(a) as
solid lines. All parameters extracted from fitting m(t) curves
with Eq. (2) are compiled in Table I of Appendix E. The fitting
curves for the eM3TM and E3TM are shown in Figs. 11 and
12 of Appendix F.

Figure 3(b) shows the extracted amplitudes A1 and A2 of
Eq. (2) as function of the external magnetic field. Both A1 and
A2 increase monotonically with the increasing external field,
and A1 exceeds A2 by 10–20% in the entire magnetic field
range. Figure 3(c) shows that τ ∗

s (H ) drops strongly from 0.6
to 0.2 ns when the applied magnetic field increases from 11
and 91 kA/m, whereas τ ∗

f (H ) shows a weaker decrease from
10 to 7 ps and τ ∗

m is approximately independent of H. When
fitting the data with the eM3TM and the E3TM, the magnetic
field dependent magnetization relaxation on long timescales
yields magnetic field dependencies of the thermal diffusion
coefficient Kl of the E3TM and the time constant τa of the
eM3TM, as shown in Figs. 3(d) and 3(e), respectively. Both
Kl

–1(H ) and τa(H ) follow the same trend as τ ∗
s (H ) and also

decrease in the measured magnetic field interval by a factor
of 3–5. However, a magnetic field dependence of Kl and τa

completely contradicts the assumptions of the eM3TM and the
E3TM, where these parameters describe the heat flow from
the lattice system to the thermal reservoir of the substrate,
which is at the constant temperature Ta. If we force Kl and
τa to be constants in the fitting procedure (as required by
the assumptions of the eM3TM and the E3TM), the fitting
strongly deteriorates and fails to reproduce the experimental
data on timescales exceeding 200 ps.

VI. IMPACT OF LASER FLUENCE

In order to investigate the magnetic field dependent re-
laxation process on the long timescale in more detail, we
measured the magnetization dynamics as a function of laser
fluence. These measurements were carried out with constant
and pulsed field initialization of the magnetic state; see Fig. 1
in Sec. II C. In the first configuration [Fig. 4(a)], an external
magnetic field of 80 kA/m was applied continuously and
perpendicular to the sample surface. The laser fluence was
varied from 3 to 19.1 mJ/cm2. In the second configuration
[Fig. 4(b)], we reset the sample magnetization by applying
comparably short magnetic field pulses of 40 μs duration
between successive pump-probe cycles.

In both Figs. 4(a) and 4(b), we observe for pump fluence
up to 15 mJ/cm2 that the quenching amplitude remains the
same, regardless of whether the magnetization is reset by a
continuous or pulsed magnetic field. It is remarkable, how-
ever, that the transient behavior beyond 10 ps is very different
for magnetic field-influenced relaxation (constant field) and
intrinsic relaxation (pulsed field). Contrary to a Fig. 3, the
delay time at which the curves start to deviate from each
other strongly varies with increasing fluence. In Fig. 4(a), this

FIG. 4. TR-P-MOKE measurements on [Co/Pt]3 for different
laser fluence with (a) constant magnetic field of 80 kA/m and (b)
pulsed magnetic field. The data are plotted from −2 to 1 ps using a
linear timescale and from 1 to 2000 ps using a logarithmic timescale.
Differently colored symbols represent the data taken at different laser
fluence as indicated. Solid lines represent the corresponding fits with
Eq. (2).

leads to a relaxation slowdown that shifts the time of reach-
ing magnetization saturation from about 2 ps at low fluence
(3 mJ/cm2) to almost 1 ns for highest fluence (19.1 mJ/cm2).
With increasing fluence, the shapes of the m(t) curves cannot
be described by the double-exponential form of Eq. (1), but
can be fitted very well by Eq. (2). The impact of the laser
fluence is even stronger in Fig. 4(b), where m(t) recovers to its
initial state only at low pump fluence within the observation
time window. If the pump fluence exceeds 19 mJ/cm2, the
demagnetized state [m(t ) ≈ 0] persists up to 2 ns.

As in Sec. V, we analyze the data by fitting them with the
phenomenological response function in Eq. (2) as well as with
the response functions of the eM3TM and the E3TM. The best
fits were again obtained with Eq. (2) and are superimposed
in Fig. 4 as solid lines. For a compilation of all parameters
extracted from fitting m(t) curves with Eq. (2), see Tables II
and III of Appendix E. The fitting curves for the eM3TM and
the E3TM are shown in Figs. 11–13 of Appendix F.

Figures 5(a)–5(d) show the fluence dependencies of the
amplitudes A1 and A2 as well as the time constants τ ∗

m, τ ∗
f ,

and τ ∗
s , extracted by fitting the transient curves in Fig. 4

with Eq. (2). Black and red symbols represent the constant
and pulsed magnetic field configuration, respectively. From
Fig. 5(a) we see that both amplitudes A1 (full squares) and A2

(open circles) increase with increasing pump fluence and are
independent of the presence of an external magnetic field. A1

is linearly proportional to the laser fluence in the range from 3
to 15 mJ/cm2 and then approaches saturation for higher laser
fluence, while A2 shows an increasing trend with an opposite
curvature. The time constants τ ∗

m, τ ∗
f , and τ ∗

s as functions of
pump fluence are shown in Figs. 5(b)–5(d), respectively. The
demagnetization time τ ∗

m stays constant (τ ∗
m ∼ 160 fs) within

error intervals over most of the laser fluence range and shows
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FIG. 5. (a)–(d) Fit parameters obtained by fitting the data in
Fig. 4 with the phenomenological response function [Eq. (2)] as
a function of laser fluence. (a) Amplitudes A1 (solid squares) and
A2 (open circles), (b) τ ∗

m, (c) τ ∗
f , and (d) τ ∗

s . Panel (e) shows the
time constant τa extracted from fits with the eM3TM and (f) the
inverse thermal diffusion coefficient Kl

–1 extracted from fits with the
E3TM as a function of laser fluence. Black and red symbols represent
the constant and pulsed magnetic field configuration, respectively.
Dash-dotted lines in are guides to the eye and the shaded areas in
connect the error bars of the corresponding data points. Note the split
ordinates in (c)–(f).

only a single point increase at the largest applied laser fluence
value in the pulsed field configuration.

In contrast, the relaxation time τ ∗
f increases steadily with

increasing laser fluence in both the constant and pulsed field
configurations. For the constant field case, the τ ∗

f values scale
linearly with laser fluence in the entire range from 3 to
19.1 mJ/cm2. A significant difference between the constant
and pulsed field configurations appears around 16 mJ/cm2,
where for the latter case τ ∗

f increases abruptly from 9 to 120
ps between 16 and 19.1 mJ/cm2. This steep, 13-fold increase
coincides with the region of fluences, where A1 approaches
1.0, i.e., complete demagnetization. A very similar effect can
also be observed for τ ∗

s in Fig. 5(d). At a relatively low fluence
from 3 to 16 mJ/cm2, the τ ∗

s values weakly vary for both
magnetic field configurations between 0.1 and 0.3 ns. For laser
fluences exceeding ∼16 mJ/cm2, τ ∗

s increases in the pulsed
field configuration abruptly by more than 60 times and reaches
nearly 20 ns at 19.1 mJ/cm2. We emphasize that the abrupt in-
creases in relaxation times τ ∗

f and τ ∗
s are solely present for the

pulsed magnetic field configuration, where the magnetization
relaxation is not affected by the external magnetic field.

Figures 5(e) and 5(f) show the fluence dependence of the
parameters τa and Kl

–1 obtained by fitting the data in Fig. 4
with the eM3TM and the E3TM, respectively, where they can
vary with pump laser fluence. The results for τa are almost
identical to those for τ ∗

s for both constant and pulsed field
measurements. The results for the E3TM in Fig. 5(f) show a
significant apparent decrease of the thermal diffusion constant
Kl when the fluence exceeds 12 mJ/cm2. Similar to Sec. V,

the parameters τa and Kl
–1 follow qualitatively the behavior

of τ ∗
s , but now as a function of pump laser fluence. However,

as for the field dependence discussed above, the fluence de-
pendence of τa and Kl is also in conflict with the assumptions
of the eM3TM and the E3TM that these parameters describe
the heat flow from the lattice system to the thermal reservoir
of the substrate. If the parameters τa and Kl are kept constant,
the fitting of the experimental data with the E3TM and the
eM3TM strongly deteriorates and fails to reproduce the ex-
perimental data on timescales exceeding 200 ps.

VII. DISCUSSION AND QUALITATIVE DYNAMIC MODEL

Our measurements of relaxation processes in [Co/Pt]3

multilayers in the time interval up to 2 ns after laser excitation
revealed significant deviations from the relaxation dynamics
described by the existing extended three-temperature models
(E3TM, eM3TM). Pronounced deviations of the measured
m(t) time traces from those calculated with the extended
models suggest the presence of a relaxation slowdown mech-
anism on the timescale beyond 100 ps, which depends on both
pump laser fluence and applied magnetic field. Laser fluence
dependent measurements reveal that both here-introduced
phenomenological time constants for fast τ ∗

f and slow τ ∗
s

magnetization relaxation show an enormous enhancement
(magnetization relaxation slowdown), if (i) the multilayers
reach their demagnetization limit (full quenching correspond-
ing to A1 ≈ 1) and (ii) the relaxation is intrinsic in the sense
that it is not driven by an external magnetic field. Both (i) and
(ii) must be satisfied to observe this extremely large relaxation
slowdown. In addition, we demonstrate that the multilayers
do not entirely reach their magnetic equilibrium state even
several milliseconds after the optical excitation, which mani-
fests itself in an extremely long relaxation time of the transient
coercive field H ′

c(td ) in the millisecond range.
Both tested extended three-temperature models (E3TM,

eM3TM) were unable to describe the relaxation slowdown
on timescales exceeding 200 ps. We obtained the best fitting
results using a phenomenological response function [Eq. (2)],
which we constructed by including the term e−(t−t0 )/τ ∗

s into
a phenomenological response function reported earlier. We
interpret the magnetization relaxation behavior in the frame-
work of the concepts developed in the Landau-Lifshitz-Bloch
model and with numerical solutions [Fig. 6(a)] of the E3TM,
which fits our data very well for timescales <200 ps (see
Appendix F 2). The development of a self-consistent theory
is beyond the scope of the present study, but by following our
assumptions, we present in Fig. 6 an intuitive physical picture
of the relaxation processes.

After the pump laser pulse has induced an ultrafast demag-
netization process on the timescale of τm, we consider two
main relaxation mechanisms driving the demagnetized area
back to the equilibrium. First, the so-called longitudinal relax-
ation mechanism re-establishes the magnetization amplitude.
This happens on the picosecond timescale and is associated
with the cooling of the spin temperature Ts, as shown in
Fig. 6(a) and phenomenologically described by the relaxation
time τ ∗

f . Second, transverse damping describing LLB-type
damping of precessional motion gives rise to relaxation on
timescales exceeding 100 ps. We note that the latter process is
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FIG. 6. Qualitative model for laser-induced magnetization relaxation at low (type I) and high (type II) laser fluence. (a) Numerical solutions
of the E3TM for the evolution of the electron (dashed), lattice (dotted), and spin (solid) temperatures at low (6 mJ/cm2, blue) and high
(19.1 mJ/cm2, red) fluence on a split linear (−0.5 to 3 ps) and logarithmic (3 ps to 2 ns) time axis. The purple horizontal line indicates the
Curie temperature TC of the Co/Pt multilayers. The arrows in (b)–(g) schematically illustrate the magnetization vector field and its spatial
fluctuations in magnitude and direction for the two cases at selected time delays after the laser pulse excitation. (b),(e) The quenching Q of the
magnetization magnitude depends on the laser fluence and strongly differs for the two cases. (c),(f) The magnetization magnitude recovers by
longitudinal damping within several picoseconds to more than 100 ps depending on the degree of quenching Q and the evolution of the spin
temperature. (d),(g) The transverse damping of precessional motion occurs on a longer timescale and becomes dominant after the longitudinal
relaxation. Panels (g1) and (g2) schematically depict the behavior without and with applied magnetic field, respectively.

tunable by the applied magnetic field. Here, we propose that
the transverse damping, contributing to the long relaxation
times, is characterized by the time constant τ ∗

s , which we
introduced into the phenomenological m(t) response function
via the term e−(t−t0 )/τ ∗

s [Eq. (2)].
According to the E3TM a pump pulse at time zero sub-

sequently leads to a transient increase of three different
temperatures of the spin (Ts), electron (Te), and phonon (Tl)
reservoirs. The evolution of the temperatures is shown in
Fig. 6(a) based on numerical solutions of the E3TM. Blue
and red curves correspond to the low and high fluence cases
(types I and II). The two calculations were performed using
the best fitting parameters for the magnetization transients
measured for pump laser fluence 6 and 19.1 mJ/cm2, respec-
tively, and with constant field magnetic state initialization
[Fig. 4(a)]. All calculation parameters are listed in the Ta-
ble IV in Appendix G. Energy transfer from the laser pulse to
the electrons raises the nonthermal electron energy density N
[see Eqs. (F2) in Appendix F] almost instantaneously (<100
fs). After a time delay of the order of τM , heat transfer to
the spin reservoir increases Ts, resulting in a reduction of
the magnetization amplitude, i.e., a longitudinal quenching
of magnetization as shown in Figs. 6(b) and 6(e). For low
pump laser fluence, Ts and Te cool down on the timescale of
a few picoseconds (characterized in the perturbative regime
by τE = Ce/gel ) giving rise to fast magnetization relaxation
within picoseconds (type I relaxation). However, for high
pump laser fluence, the nonthermal electron energy density is
much higher and the energy flow from nonthermal electrons
to the thermal electron and spin reservoirs remains significant
for a much longer time and competes with the heat drain
to the lattice. As a result, the magnetization relaxation is
slowed down to timescales of 100 ps to nanoseconds (type
II relaxation). This type-I to type-II transition has been de-

scribed by Shim et al. [44]. In our phenomenological response
function, it leads to a fluence dependent but magnetic field
independent increase of the phenomenological time constant
τ ∗

f . The temperature of the lattice system Tl responds slower
to the laser excitation. After tens of picoseconds the three
reservoirs reach the thermal equilibrium at a slightly higher
temperature than the environment Ta. Heat flow from the
multilayer to the substrate described in the E3TM by the
Kl term [Eq. (F2c) in Appendix F] and in the eM3TM by
the τa term [Eq. (F1b) in Appendix F] eventually allows the
multilayer to relax within nanoseconds to its initial tempera-
ture and magnetization before the laser excitation. This slow
relaxation is phenomenologically included in the τ ∗

s term of
our response function [Eq. (2)] as is evident from m(∞) =
m(0) = 1, which also describes the complete relaxation to the
initial state. As an additional relaxation channel, we expect
that the heat flow to the environment contributes as a small
negative and magnetic field independent contribution to A2,
i.e., it reduces the strength of the relaxation slowdown.

At the moment we are not aware of physical mechanisms
leading to magnetic field dependent thermal heat diffusion.
Therefore, the observed dependence of the relaxation behavior
on the external magnetic field, reflected in the field dependen-
cies of τ ∗

f and τ ∗
s [Figs. 3(c), 5(c), and 5(d)], cannot be ex-

plained in the framework of the mechanisms discussed above.
Possible mechanisms are qualitatively discussed below.

Our phenomenological model distinguishes two types of
relaxation for low and high pump laser fluence, respectively.

Type I [Figs. 6(b)–6(d)] applies when the spin temperature
after the laser-induced increase is small compared to TC of
the sample, as indicated by the blue solid curves in Fig. 6(a).
In this case, the degree of magnetization quenching Q is
relatively low, so that a significant residual magnetization
and magnetic anisotropy remain and act as a “memory” of
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the initial magnetic state. A few picoseconds after laser ex-
citation, the three temperatures Te, Ts, and Tl converge due
to energy exchange among the reservoirs and the LLB-type
longitudinal magnetization relaxation is complete. However,
the local temperature is elevated compared to the environ-
ment and causes fluctuations of the magnetization direction
[Fig. 6(c)]. Accordingly, the remaining magnetization dynam-
ics is dominated by precessional motion of local moments,
which relax via LLB-type transverse damping on the nanosec-
ond timescale and, thus, slow down the relaxation. Since
the precessional damping is field dependent, this relaxation
slowdown results in a magnetic field dependence of the phe-
nomenological time constant τ ∗

s . Such precessional motion
includes for instance heat-driven domain wall motion [59,60]
and magnon generation [41,61]. Finally, the thermodynamic
equilibrium with the environment and magnetization satura-
tion are reached within nanoseconds [Fig. 6(d)].

Type II [Figs. 6(e)–6(g)] applies for a high laser fluence
that results in a complete magnetization quenching Q, mean-
ing that the memory of the initial magnetic state is lost.
As a consequence, not only the longitudinal relaxation takes
longer time. The higher temperature (Te ≈ Ts ≈ Tl ) close to
TC, which cools much slower, also delays the relaxation, and
results in much stronger fluctuations of the magnetization
direction [Fig. 6(f)], reflecting the lost memory. These con-
sequences of the lost memory cause the sharp increase of τ ∗

f
for Q ≈ 1 [pulsed field case in Fig. 5(c)]. The longitudinal
relaxation is accompanied by the re-establishment of spin-
orbit coupling and exchange interaction in the system [2]. The
re-emerging magnetocrystalline anisotropy and the external
magnetic field act as an effective anisotropy, which becomes
the major driving force of domain formation counteracting
thermal fluctuations on the microscopic lateral length scale.

If no external field is applied [Fig. 6(g1)], after the longi-
tudinal recovery, a random distribution of domains develops
in time, since both directions of an uniaxial anisotropy con-
tribution (e.g., up and down) are energetically equivalent in
the field-free case. The magneto-optic probing, averaging
over the signal from a large ensemble of micrometer-sized
domains, measures a zero net magneto-optic signal. The
formation of large domains, from which an approximately
single-domain (ground) state can develop and resulting in a
nonzero magneto-optic signal, occurs on timescales beyond
2 ns [e.g., red curve Fig. 4(b)]. This delayed domain forma-
tion causes the sharp increase of τ ∗

s by more than one order
of magnitude for laser fluences above the threshold, where
Q ≈ 1 is reached [pulsed field case in Fig. 5(d)]. If the external
field is applied [Fig. 6(g2)], it tends to align the magnetization
direction as soon as the longitudinal magnetization recovery
sets in, explaining the absence of the abrupt increase of τ ∗

s
for Q ≈ 1 [constant field case in Fig. 5(d)]. By increasing the
external field, the effective anisotropy becomes stronger and
more unidirectional, so that large domains can form faster.
Such a field dependence of the recovery rate is reflected in
the field dependence of τ ∗

s [Fig. 3(c)].
We note that for 3d transition-metal ferromagnets and in

particular Co/Pt multilayers, precessional motion does not
play a significant role during the first 10 ps after excitation,
since such fast damping would be orders of magnitude faster
than reported in, e.g., [36], or observed in ferromagnetic res-

onance measurements [62]. The timescale is far too short for
the magnetization vector to pass through even a fraction of a
precession cycle.

Finally, we address the relaxation on the millisecond
timescale seen in transient hysteresis loops. The observed
recovery of mS(td ) suggests that the sample has substantially
cooled down after several nanoseconds and the multilayer has
reached a temperature far below TC. However, the shape of
the hysteresis loops and the coercive fields H ′

c(td ) still devi-
ate from the static behavior even several milliseconds after
the laser excitation (Fig. 9 of Appendix D). This observa-
tion points towards a nonequilibrium domain structure with
a low number of small residual domains or small areas with
noncollinear magnetization. Such structures are metastable
and may result from rapid cooling within nanoseconds and
spatially inhomogeneous magnetization, anisotropy, and tem-
perature distributions. These small deviations from the ideal
ferromagnetic ground state may reduce the macroscopic mag-
netization by only a few percent, i.e., below the detection limit
of the transient hysteresis loop measurements. On the other
hand, their high susceptibility to an applied magnetic field
can significantly influence the hysteresis shape and reduce the
coercive field considerably. Residual domains, for instance,
are stabilized by magnetic anisotropy or pinning, but can be
removed from the sample with a weak opposing magnetic
field via domain wall motion.

VIII. CONCLUSIONS

We studied magnetization dynamics in [Co/Pt]3 multilay-
ers after optical excitation by linearly polarized pump laser
pulses of 80 fs FWHM and 1 kHz repetition rate. Tuning the
pump laser fluence allowed to either partially or completely
demagnetize the sample on the timescale of 100 fs. The recov-
ery of the magnetization after this controlled quenching was
monitored magneto-optically during 2 ns. Measurements over
such a comparably long time window are, to our knowledge,
quite rare, but of utmost importance for understanding the
optically induced accumulative processes leading to magneti-
zation reversal in this particular material system. We used two
different techniques to initialize the magnetization state be-
tween successive pump-probe cycles to experimentally work
out the impact of the external magnetic field on the magneti-
zation relaxation behavior. A permanently applied reset field
always promotes the magnetization recovery and therefore
obscures the intrinsic recovery effects. In contrast, magnetic
state initialization by magnetic pulses between successive
pump-probe cycles allows the system to relax by intrinsic
processes governed by re-emerging exchange and anisotropy.

Our attempts to fit the experimental transient magnetiza-
tion curves with extended three-temperature models show,
especially for the E3TM, very good agreement for times up
to 100 ps, but the thermal diffusion modeled in the E3TM
and eM3TM by the Kl and τa terms, respectively, cannot
reproduce the magnetization relaxation behavior beyond 200
ps, in particular its dependence on magnetic field and pump
laser fluence (Appendix F). This unambiguous finding reveals
that, in contrast to existing models, the relaxation dynamics
beyond 100 ps is not governed by simple heat transfer from
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the electron and spin systems into the heat reservoirs of the
lattice and substrate.

In order to nonetheless analyze the recorded transients
quantitatively, we adopted an approach similar to that used
in previous phenomenological studies describing magneto-
optical transients by constructing and applying a phenomeno-
logical response function. Our response function provides
very good fits of the entire transients from femtosecond to
nanosecond timescales using three phenomenological time
constants, τ ∗

m, τ ∗
f , and τ ∗

s (Figs. 3 and 4).
The analysis of the transient magnetization curves reveals

that the applied magnetic field has little impact on short
timescales below about 40 ps, but causes a magnetic field
dependent speedup of the magnetization recovery for longer
times, leading to decreasing τ ∗

f and τ ∗
s for increasing magnetic

field (Fig. 3). The strongest difference between field-driven
and intrinsic magnetization relaxation occurs after excitation
at pump laser fluences that completely quench the sample
magnetization. In this case, the system entirely loses the mem-
ory of the magnetic state before excitation, and recovery starts
from random fluctuations, resulting in an extremely slow re-
establishment of the magnetization. For large fluences, the
totally quenched state can persist for more than 2 ns (Fig. 4)
causing a 13-fold and 60-fold increase of τ ∗

f and τ ∗
s , respec-

tively (Fig. 5). This long-lived quenched state may be the
starting point of all-optical, single-pulse domain formation
[17] and thus is also relevant for understanding the initial
stages of accumulative all-optical magnetization switching
[63,64].

A qualitative interpretation of the phenomenological time
constants τ ∗

f and τ ∗
s in our response function can be given

in the framework of the LLB model, where the recovery of
the macroscopic magnetization requires that the individual
local moments undergo both longitudinal and transverse
relaxation. Longitudinal relaxation is associated with spin
temperature cooling and occurs within few (type I) to tens
(type II) of picoseconds, depending on the pump laser fluence
and the resulting type of photoinduced spin dynamics. We
phenomenologically ascribe τ ∗

f to the longitudinal relaxation.
In addition to restoring their magnitude by longitudinal
relaxation, the local moments must also align in their
directions. This transverse relaxation occurs via incoherent
magnetization precession with Gilbert-type damping. The
transverse relaxation is magnetic field dependent and proceeds
on a timescale of nanoseconds. We interpretet τ ∗

s as the time
constant of the transverse relaxation.

The question of the completeness of the magnetic recovery
after even longer times was addressed by recording so-called
transient hysteresis loops after up to 5 ms after the excitation
(Fig. 2 and Appendix D). We stress that these loops clearly
reveal different timescales for the recovery of the transient
saturation magnetization mS(td ) and the transient coercive
field H ′

c(td ). While mS(td ) recovers within 500 ps, H ′
c(td )

has not entirely recovered even after 5 ms. Together, these
two aspects suggest that the entire magnetic system evolves
even on the millisecond timescale due to presence of tran-
sient metastable states. We attribute these metastable states
to a few spatially small and pinned deviations from the ideal
ferromagnetic ground state (e.g., small domains) due to rapid

cooling and inhomogeneous temperature, magnetization, and
magnetic anisotropy distributions.

Our results contribute to and advance the fundamental un-
derstanding of spin dynamics in ferromagnetic multilayers on
various timescales relevant for spintronic applications such as
MRAM, AOS, and THz generation.

Data and materials availability: All data needed to evaluate
the conclusions in the paper are present in the paper and/or the
Appendixes.
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APPENDIX A: DETAILS ON PUMP-PROBE SETUP AND
MEASUREMENT PROCEDURE

The pump probe experiments were carried out by using
a combination of a fs-Tsunami as seed and a Spitfire laser
as a regeneration amplifier system from Spectra Physics.
The laser repetition rate can be tuned from 1-kHz to the
Hz range. The pump-probe measurements were performed
by first optically pumping the thin films with linearly polar-
ized laser light with 800 nm wavelength and 80 fs duration.
A comparably long probe pulse with 400 nm wavelength
was generated by a 100-nm-thick BBO crystal via second
harmonic generation. After interaction with the sample, the
probe beam was reflected into a detection system. The beam
passed first through a 400-nm band-pass filter and then a
λ/2 plate for controlling the balance of the two orthogonal
light components. With a Wollaston prism, the incoming beam
was split into two orthogonally polarized beams, which were
captured individually by a balanced pair of photodetectors
detecting their light intensities A and B. After converting
the light intensities to voltage signals, the two output signals
were amplified and recorded as sum signal A + B and differ-
ence signal A − B by two separate Stanford-SR830 lock-in
amplifiers, which were synchronized to the laser repetition
frequency of 1 kHz (only some data in Fig. 9 have been
measured with lower repetition frequencies of 200, 250, 333,
and 500 Hz). Because the repetition frequency for lock-in syn-
chronization is directly supplied by a dedicated photodiode
placed inside a laser amplifier, a mechanical chopper is not
essential for our setup. In addition, by dividing the differ-
ence of the two recorded signals by their sum, (A−B)/(A +
B), a possible long-term signal drift due to, e.g., a gradual
warmup of the system or slowly changing laboratory envi-
ronment during the day, can be efficiently eliminated from
the magnetic contrast measurement. The final dynamic data
were acquired by subtracting the transient magnetic contrasts
measured at applied positive and negative magnetic field
recorded with the smallest possible time difference, and no
substantial signal drift has been detected in the respective
traces.
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FIG. 7. TR-MOKE measurements at pristine positions with
pump laser fluence variation in the sequence “low-high-low,” where
low fluence (red and black curves) was always 6 mJ/cm2 and the
high fluence (blue curves) is varied as indicated.

APPENDIX B: LASER FLUENCE THRESHOLD FOR
SAMPLE MODIFICATION

Laser-induced permanent sample modification is an impor-
tant issue in pump-probe experiments and must always be kept
in mind, especially at high laser fluence. In order to stay below
the threshold for sample damage, we have performed a set
of measurements to ensure a safe range of the pump laser
fluence (Fig. 7). On pristine sample positions, we measured
TR-MOKE data at low and high pump laser fluence in the
sequence of “low-high-low.” The low fluence was always
6 mJ/cm2, and the high fluence value was increased in five
steps from 16 to 29 mJ/cm2. The acquisition time for each
transient is about 2 h. Our results show that the transient data
measured under low pump fluence before and after recording
the transient at high fluence are completely identical when the
high fluence value is below 24 mJ/cm2. All reported data in
the paper are taken at laser fluences below 20 mJ/cm2 and,
thus, have a sufficient “safety margin” to the threshold for
sample modification.

APPENDIX C: MEANING OF PARAMETERS A1 AND A2 IN
OUR RESPONSE FUNCTION [EQ. (2)]

The phenomenological meaning of the parameters A1 and
A2 in our response function [Eq. (2)] is best seen in Fig. 8,
where we plot Eq. (2) for different A2 values while keeping all
other parameters constant. A1 represents the normalized maxi-
mum amplitude of the laser-induced magnetization quenching
that would be achieved in the absence of any relaxation (note,
A1 = 1.0 in Fig. 8). Hence, A1 is mainly associated with
the interaction of the pump light with the spin and electron
systems. A2 is a phenomenological measure of the strength
of the relaxation slowdown. It indicates the remaining mag-
netization quenching level at the delay time, when, in the
absence of relaxation slowdown (black curve for A2 = 0 ),
the subsystem temperatures would reach equilibrium and the
normalized transient magnetization would return to saturation,

FIG. 8. Phenomenological response function [Eq. (2)] for differ-
ent A2 values as indicated. All other parameters are kept constant,
A1 = 1.0, τ ∗

m = 160 fs, τ ∗
f = 5 ps, and τ ∗

s = 500 ps. The dashed ver-
tical line indicates the delay time, when the black curve for A2 = 0,
i.e., for no relaxation slowdown, reaches magnetization saturation.

m(t ) ≈ 1 (this time is marked by the vertical dashed line at
t ≈ 20 ps). For example, the red curve in Fig. 8 for A2 = 0.25
is still quenched by about 25% at the delay time, when the
black curve reaches magnetization saturation. τ ∗

s determines
the delay of the magnetization saturation, which occurs for
t ≈ 4τ ∗

s .

APPENDIX D: TRANSIENT HYSTERESIS LOOPS AS A
FUNCTION OF LASER REPETITION RATE

To track magnetization relaxation after optical demagneti-
zation for longer than 1 ms, we reduced the laser repetition
rate for the measurement of transient hysteresis loops from 1
kHz to 200 Hz to achieve time intervals up to 5 ms between
successive pump-probe cycles. Figure 9 shows that the tran-
sient hysteresis loops gradually recover and almost reach the
shape of the static one at 3 ms pulse spacing. Small remaining
differences between the transient and static coercive fields
indicate that the relaxation processes may not be complete
even 5 ms after sample excitation.

FIG. 9. Transient hysteresis loops at delay times of 1–5 ms in
comparison with the static hysteresis (black curve).
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FIG. 10. Comparison of fit results obtained (a) with a phe-
nomenological response function [Eq. (E1)] inspired by the analyti-
cal solution of the 2TM and (b) with our phenomenological response
function [Eq. (E2)]. Our response function yields significantly im-
proved fits for the delay times exceeding several tens of ps. The fitted
data is a subset of the fluence dependent TR-P-MOKE measurements
with pulsed magnetic state initialization presented in Fig. 4(b) of the
main text.

APPENDIX E: DATA ANALYSIS USING
PHENOMENOLOGICAL RESPONSE FUNCTIONS

For fitting the magnetization transient data, we first used a
phenomenological response function

m(t ) = G(t ) ⊗ [1 − �(t − t0)(A1(1 − e−(t−t0 )/τm )e−(t−t0 )/τE

+A2(1 − e−(t−t0 )/τE ))] (E1)

that is inspired by the analytical solution of the 2TM and has
been frequently been employed to empirically describe sub-
picosecond transient magnetization dynamics [30,48,49,51].
Using this equation, we consistently found substantial devia-
tions between fitted and measured curves at the long timescale
(>20 ps) with the deviations becoming larger with increasing
pump laser fluence [Fig. 10(a)]. In order to improve the fits,
we extended Eq. (E1) to obtain the following phenomenolog-
ical response function, which we use for the fitting of all the
experimental data:

m(t ) = G(t ) ⊗ {1 − �(t − t0)[A1(1 − e−(t−t0 )/τ ∗
m )e−(t−t0 )/τ ∗

f

+ A2(1 − e−(t−t0 )/τ ∗
f )e−(t−t0 )/τ ∗

s ]}. (E2)

The main extension consists of multiplying an additional ex-
ponential term e−(t−t0 )/τ ∗

s to the second term of Eq. (E1), which
introduces a third characteristic time τ ∗

s . Since this extension

is purely phenomenological, we also replace τm and τE by
phenomenological time constants τ ∗

m and τ ∗
f . We note that fit-

ting measured transients with Eq. (E2) results in a substantial
improvement of all fits [Fig. 10(b)]. The physical meaning of
the extension is discussed in the main text.

In Tables I–III we compile all parameters that we extracted
from our data by fitting m(t) curves with our phenomenologi-
cal response function given in Eq. (E2).

APPENDIX F: DATA ANALYSIS USING SOLUTIONS OF
THE eM3TM AND THE E3TM

1. Fit results using the extended microscopic three-temperature
model (eM3TM)

The eM3TM introduced by Bonda et al. [45] is an ex-
tension of the M3TM [27] that additionally accounts for the
heat flow from the lattice system to the thermal reservoir of
the substrate, which is considered as a thermostat at constant
temperature Ta. To this end, a term is introduced in the set of
differential equations of the eM3TM representing the cooling
process of the lattice with a relaxation time τa to the ambient
temperature Ta [see second term in Eq. (F1b)],

dTe

dt
= gel (Tl − Te)

γeTe
+ P(t )

γeTe
, (F1a)

dTl

dt
= gel (Te − Tl )

Cl
+ (Ta − Tl )

τa
, (F1b)

dm

dt
= Rm

Tl

TC

[
1 − m coth

(
m

TC

Te

)]
, (F1c)

dTa

dt
= 0, (F1d)

where P(t) is the Gaussian temporal profile of the pump
laser pulse. Te and Tl are the time dependent electronic and
lattice temperature, respectively. Ce = γeTe and Cl represent
the specific heat capacity of electronic and lattice subsystems,
respectively, with gel being the coupling parameter between
the two subsystems. m is the time dependent normalized mag-
netization. TC is the Curie temperature and R is a prefactor
controlling the demagnetization rate [27] of the ferromagnetic
material.

For the fitting procedure, Ta = 300 K, TC = 600 K, and
Cl = 3.2 × 106 J m–3 K–1 is calculated as the mean value of
the heat capacities of Co and Pt weighted by their volume
ratio in the multilayer. The amplitude of P(t) is calculated
from the applied pump fluence and the laser pulse FWHM
is fixed at 80 fs. The parameters R = 4.8 × 10–12 s–1 and
γe = 160 J m–3 K–2 are also fixed constants and of the same

TABLE I. Dependence on the applied magnetic field presented in Fig. 3 of the main text.

H (kA/m) A1 A2 τ ∗
m (fs) τ ∗

f (ps) τ ∗
s (ns)

11.16 0.77 ± 0.04 0.57 ± 0.02 117.90 ± 13.66 10.12 ± 1.70 0.60 ± 0.06
23.11 0.89 ± 0.04 0.75 ± 0.03 165.79 ± 16.89 7.42 ± 1.96 0.47 ± 0.03
34.27 1.00 ± 0.07 0.83 ± 0.03 128.29 ± 12.78 8.68 ± 2.06 0.49 ± 0.04
45.43 1.00 ± 0.08 0.84 ± 0.03 173.31 ± 12.66 7.33 ± 1.56 0.37 ± 0.02
69.34 1.00 ± 0.11 0.84 ± 0.05 167.69 ± 14.16 5.93 ± 1.52 0.29 ± 0.02
90.86 1.00 ± 0.16 0.86 ± 0.04 150.64 ± 13.36 6.68 ± 1.55 0.23 ± 0.01
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TABLE II. Dependence on laser fluence under magnetic state initialization with a constant magnetic field presented in Fig. 4(a) of the main
text.

Fluence (mJ/cm2) A1 A2 τ ∗
m (fs) τ ∗

f (ps) τ ∗
s (ns)

3.03 0.35 ± 0.05 0.06 ± 0.16 297.03 ± 545.85 0.58 ± 0.48 0.14 ± 0.06
6.03 0.50 ± 0.17 0.07 ± 0.12 93.87 ± 63.07 1.62 ± 0.49 0.16 ± 0.06
9.16 0.68 ± 0.16 0.28 ± 0.17 192.44 ± 32.82 2.71 ± 0.63 0.13 ± 0.01
11.83 0.82 ± 0.15 0.38 ± 0.13 154.77 ± 20.04 4.90 ± 0.29 0.15 ± 0.01
14.68 0.95 ± 0.13 0.65 ± 0.11 129.10 ± 25.87 5.07 ± 0.52 0.24 ± 0.02
19.06 1.06 ± 0.12 0.88 ± 0.06 188.27 ± 11.73 5.98 ± 0.70 0.29 ± 0.02

magnitudes as reported in [27] and [65], respectively. The
other parameters, gel and in particular τa are free parameters
of the least-square fitting process. The results of fitting the
eM3TM to our data are compiled in Fig. 11.

The fits for the field dependent data Fig. 11(a) show good
agreement for short times (<100 ps) and external magnetic
fields below 45 kA/m. For longer times and larger magnetic
fields, we observe slight deviations from the experimental
data. Stronger deviations are visible for the data measured
in constant field [Fig. 11(b)] at short recovery times (≈1 ps)
and low fluence, as also reported by Bonda et al. [45]. The
strongest deviations occur for the data acquired with pulsed
magnetic state initialization in Fig. 11(c) at various timescales
and for all fluence values. All these deviations occur, even
though we allowed τa to vary with magnetic field and fluence
in a wide range [Figs. 11(d)–11(f)], which is a contradiction
with the physical meaning of τa as the time constant describ-
ing heat flow between the system and the substrate. If τa is
assumed constant, as suggested by the model assumption,
the quality of the fits deteriorates on timescale exceeding
200 ps.

2. Fit result using extended three-temperature model (E3TM)

The E3TM introduced by Shim et al. [44] is an extension of
the 3TM [1]. The main extension concerns the inclusion of the
excitation of nonthermal electrons and the energy flow from
the nonthermal electrons to the thermal electron, lattice, and
spin subsystems. In addition and similar to the eM3TM, the
E3TM also accounts for the heat flow from the lattice system
to the thermal reservoir of the substrate, which is considered to
be a thermostat at a constant temperature of 300 K. Here, this
heat flow is formulated in terms of thermal diffusion, which is
characterized by the coefficient Kl and is proportional to the

third power of temperature difference [66] [see the fourth term
in Eq. (F2c)],

dN

dt
= P(t ) − Pe(t ) − Pl (t ) − Ps(t ), (F2a)

Ce
dTe

dt
= Pe(t ) − gel (Te − Tl ) − ges(Te − Ts), (F2b)

Cl
dTl

dt
= Pl (t ) − gel (Tl − Te) − gls(Tl − Ts)

− Kl (Tl − 300)3, (F2c)

Cs
dTs

dt
= Ps(t ) − ges(Ts − Te) − gls(Ts − Tl ), (F2d)

Pi(t ) = gei

Ce
N, i = e, l, s. (F2e)

Here, N is the optically pumped, nonthermal electron energy
density, and P(t) is the Gaussian temporal profile of the pump
laser pulse. Pe(t ), Pl (t ), and Ps(t ) represent the energy flows
from nonthermal electrons to the thermal electron, lattice, and
spin systems, respectively. Te, Tl , and Ts are the time de-
pendent electronic, lattice, and spin temperature, respectively.
Ce = γeTe, Cl , and Cs represent the specific heat capacity of
electron, lattice, and spin systems. gel , ges, and gls, are the
coupling constant between electron and lattice, electron and
spin, and lattice and spin subsystems, respectively. The time
dependent normalized magnetization m(t) is assumed to be
proportional to the normalized solution for spin temperature
Ts(t ).

For the fitting procedure, TC = 600 K and Cl = 3.2 ×
106 J m–3 K–1 is calculated as the mean value of the heat
capacities of Co and Pt weighted by their volume ratio in
the multilayer. The amplitude of P(t) is calculated from the
applied pump fluence and the laser pulse FWHM is fixed at

TABLE III. Dependence on laser fluence under magnetic state initialization with a pulsed magnetic field presented in Fig. 4(b) of the main
text.

Fluence (mJ/cm2) A1 A2 τ ∗
m (fs) τ ∗

f (ps) τ ∗
s (ns)

8.71 0.66 ± 0.15 0.17 ± 0.14 180.06 ± 29.78 1.40 ± 0.14 0.09 ± 0.01
11.69 0.86 ± 0.24 0.33 ± 0.22 122.10 ± 13.79 3.34 ± 0.28 0.08 ± 0.01
13.49 0.94 ± 0.10 0.54 ± 0.05 121.30 ± 23.82 6.04 ± 0.43 0.10 ± 0.02
14.08 0.94 ± 0.06 0.51 ± 0.03 124.10 ± 32.58 4.55 ± 0.56 0.10 ± 0.02
14.93 0.98 ± 0.10 0.43 ± 0.06 123.62 ± 15.02 8.83 ± 1.53 0.16 ± 0.01
16.37 1.05 ± 0.14 0.56 ± 0.06 162.76 ± 25.99 9.32 ± 3.21 0.18 ± 0.02
18.31 1.01 ± 0.26 0.90 ± 0.26 120.59 ± 18.87 117.23 ± 18.36 13.33 ± 3.50
19.90 0.99 ± 0.25 0.95 ± 0.68 300.00 ± 107.60 120.00 ± 50.00 18.64 ± 3.65
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FIG. 11. Fitting results for the eM3TM. Solid lines are fits of TR-P-MOKE transients measured (a) as a function of permanent magnetic
field [cf. Fig. 3(a)], (b) as a function of pump laser fluence with constant field magnetic state initialization [cf. Fig. 4(a)], and (c) as a function
of pump laser fluence with pulsed field magnetic state initialization [cf. Fig. 4(b)]. (d) Magnetic field and (e),(f) fluence dependence of the time
constant τa extracted from the fits in (a) and (b),(c) respectively.

80 fs. The parameters γe, gee, and gls are also fixed constants.
γe = 260 J m–3 K–2 and gee = 2.1 × 1019 J s–1 m–3 K–1 are of
the same magnitudes as reported in [65] and [44], respec-
tively, while gls = 3.0 × 1015 J s–1 m–3 K–1 is about one order
of magnitude smaller than in [46]. The other parameters, gel ,

ges, Cs, and in particular Kl , are free parameters of the least-
square fitting process. The results of fitting the E3TM to our
data are compiled in Fig. 12. We observe significant deviations
of the fits from the data for all three measurement modes
in Figs. 12(a)–12(c). In contrast to the fits to the eM3TM

FIG. 12. Fitting results for the E3TM. Solid lines are fits of TR-P-MOKE transients measured (a) as a function of permanent magnetic
field [cf. Fig. 3(a)], (b) as a function of pump laser fluence with constant field magnetic state initialization [cf. Fig. 4(a)], and (c) as a function
of pump laser fluence with pulsed field magnetic state initialization [cf. Fig. 4(b)]. (d) Magnetic field and (e),(f) fluence dependence of the
inverse thermal diffusion coefficient Kl

–1 extracted from the fits shown in (a) and (b),(c) respectively.
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FIG. 13. Fitting results for the E3TM. Solid lines in (a) and (b) are fits of TR-P-MOKE transients measured as a function of pump laser
fluence with constant field magnetic state initialization [cf. Fig. 4(a)]. Panel (a) shows delay times up to 5 ps on a linear time axis and (b)
delay times up 2 ns on a logarithmic timescale. Panels (c) and (d) show the corresponding evolutions of Te(t ), Tl (t ), and Ts(t ) on (c) short and
(d) long timescales marked as solid, dashed, and dotted and solid lines, respectively. Colored areas in (d) indicate time intervals, where Ts(t )
exceeds Te(t ) and Tl (t ). Panels (e) and (f) show the fluence dependence of (e) the electron-lattice coupling constant gel and (f) the spin specific
heat capacity Cs.

(Fig. 11), the deviations are more systematic. They occur
for long times scales (>200 ps) and are more pronounced at
larger magnetic field [Fig. 12(a)] or larger pump laser fluence
[Figs. 12(b) and 12(c)].

Figure 13 shows further details of the fitting with the E3TM
using the example of the fluence dependent magnetization
transients measured with constant field magnetic state initial-
ization [cf. Fig. 4(a)]. Figure 13(a) shows fits (solid lines) and
experimental data (symbols) for short delay times (<5 ps)
on a linear timescale and Fig. 13(b) for longer delay times
on a logarithmic timescale. With increasing fluence, there is
a gradual transition from relaxation within a few ps (type
I) to slowed down relaxation on the 100 ps to nanosecond
timescale (type II). The evolution of the temperatures Te(t ),
Tl (t ), and Ts(t ) on short and long timescales is displayed in
Figs. 13(c) and 13(d) by as dashed, dotted, and solid lines,
respectively. Note in Fig. 13(d) that in the colored regions
the spin temperature Ts(t ) exceeds the electron and lattice
temperatures Te(t ) and Tl (t ), which are already in equilibrium
with each other (dashed and doted curves are superimposed).
Both effects, type-I to type-II transition and delayed equili-
bration of Ts(t ) have been shown by Shim et al. [44] to be
related to the energy flow from nonthermal electrons to the
thermal electron, spin, and lattice subsystems. The fit results

reveal that the electron-lattice coupling constant gel features
the strongest dependence on the pump laser fluence among
all coupling constants (gel , ges, gls, and gee); see Fig. 13(e).
Furthermore, the specific capacity of the spin subsystem Cs

shown in Fig. 13(f) increases abruptly for pump laser fluences
above 14 mJ/cm2, for which the maximum spin temperature
approaches the Curie temperature of the Co/Pt multilayer
(TC ≈ 600 K). This is in excellent agreement with the expec-
tation that Cs(Ts) peaks at the second order phase transition
occurring at TC. Despite these agreements, for delay times
exceeding 200 ps, as shown in Fig. 13(b), varying degrees
of discrepancy between data and fits occur as a function of
fluence at different delay times. The stronger the fluence, the
larger the deviation and the earlier the deviation appears, as
already observed in Figs. 12(b) and 12(c).

In addition, we stress again that the observed deviations
in Figs. 12 and 13 occur although we allowed Kl to vary
with magnetic field and pump laser fluence; see Figs. 12(d)–
12(f). While these allowed strong variations improve the fits,
they are in contradiction with the physical meaning of Kl

as the thermal heat diffusion coefficient describing heat flow
between the system and the substrate. If Kl is assumed con-
stant, as suggested by the model assumption, the quality of
the fits deteriorates on timescales exceeding 200 ps.
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TABLE IV. The parameters used for the E3TM calculations in Fig. 6(a).

Parameter Type I (6 mJ/cm2) Type II (19.1 mJ/cm2) Remark

P(t) amplitude 0.6 × 109 J m–3 1.9 × 109 J m–3 Calculated from fluence
P(t) FWHM 80 fs 80 fs Fixed
Cl 3.3 × 106 J m–3 K–1 3.3 × 106 J m–3 K–1 Mean value of Co and Pt, weighted by volume ratio
Cs 6.8 × 103 J m–3 K–1 0.4 × 103 J m–3 K–1 Fitted [see Fig. 4(a)]
γe 2.6 × 102 J m–3 K–2 2.6 × 102 J m–3 K–2 Same magnitude as in [65]
gel 0.8 × 1018 J s–1 m–3 K–1 1.9 × 1018 J s–1 m–3 K–1 Fitted [see Fig. 4(a)]
ges 0.8 × 1016 J s–1 m–3 K–1 2.4 × 1017 J s–1 m–3 K–1 Fitted [see Fig. 4(a)]
gls 3.0 × 1015 J s–1 m–3 K–1 3.0 × 1015 J s–1 m–3 K–1 About one order of magnitude smaller than in [46]
gee 2.1 × 1019 J s–1 m–3 K–1 2.1 × 1019 J s–1 m–3 K–1 Same magnitude as in [44]
Kl 6.3 × 1012 J s–1 m–3 K–3 0.3 × 1012 J s–1 m–3 K–3 Fitted [see Fig. 4(a)]

Comparison of the eM3TM and E3TM results shows that
the E3TM provides better fits for short delay times (<200 ps).
But both models seem to overlook a magnetic field and fluence
dependent mechanism that is effective on longer timescales, as
evidenced not only by the observed fitting deviations, but also
by the systematic but unphysical field and fluence dependen-
cies of τa and Kl . Due to this lack of a model that allows fitting
the fluence and field dependence of the relaxation behavior
on long timescales, we were compelled to introduce the ad-
ditional phenomenological time constant τ ∗

s . In the main text,

we provide an interpretation of τ ∗
s in the framework of LLB-

like transverse magnetization relaxation, which is intrinsically
magnetic field dependent.

APPENDIX G: PARAMETERS FOR THE E3TM
CALCULATIONS IN FIG. 6(a)

See Table IV for parameters used for the E3TM calcula-
tions in Fig. 6(a).
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