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Ultrafast demagnetization and precession in permalloy films with varying thickness
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Excitation by a femtosecond laser pulse is an efficient method to control various ultrafast spin manipulation
processes, e.g., ultrafast demagnetization, remagnetization, and damping. Thus, a comprehensive study of
magnetization dynamics over a broad timescale by varying the excitation energy can provide a solid foun-
dation of integrating these processes within a single system. Here, time-resolved magneto-optical Kerr effect
magnetometry is used to investigate the evolution of magnetization dynamics from femtosecond- to nanosecond
timescale in NigyFey thin films. The correlation between ultrafast demagnetization time and fast remagnetization
time with the laser pump fluence is demonstrated experimentally and is validated by the phenomenological three-
temperature modeling involving different coupling parameters and specific heat of electron-, lattice-, and spin
baths. Significant enhancement of the Gilbert damping parameter and a redshift in the precessional frequency are
observed for uniform Kittel mode and perpendicular standing spin-wave modes with increasing excitation energy.
Direct correlation between demagnetization time and Gilbert damping parameter indicates spin-flip scattering
as the responsible mechanism for the ultrafast demagnetization and intraband conductivity-like contribution to
the damping process. This extensive study develops an in-depth understanding about the role of laser fluence on
the ultrafast spin dynamics. Our findings will be beneficial for the construction of ultrahigh-speed spintronics

devices which rely on the heat-assisted modification of the dynamic properties in ferromagnetic thin films.
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I. INTRODUCTION

The demand for developing energy-efficient, cost-
effective, and high-speed magnetic memory and storage
devices has reinforced an upsurge in the fundamental research
related to ultrafast magnetization dynamics in magnetic thin
films, heterostructures, and nanostructures [1,2]. Continuous
development in this field makes the clock speed of the
processors enter the sub-GH range while increasing the
storage capacity in the spin-based devices [3,4]. However, this
development hits a bottleneck due to the constraints imposed
by the relaxation processes involved in the magnetization
dynamics which eventually limit the data-transfer rate in
the device. Precessional magnetization dynamics of the
ferromagnetic materials follow the Landau-Lifshitz-Gilbert
equation where the rate of energy dissipation from spin-wave
modes to the adjacent thermal baths can be expressed by the
Gilbert damping parameter («), which is analogous to the
Rayleigh energy dissipation function [5,6]. Both intrinsic-
and extrinsic mechanisms contribute to the damping [7]. The
spin-flip scattering (SFS) from phonons in ferromagnetic
system is an example of the intrinsic scattering which cannot
be reduced to zero [8]. Extrinsic contribution to « originates
from additional magnon-phonon and magnon-magnon
scatterings introduced to the system by doping, capping,
perturbation from spin current, eddy current loss, and external
temperature [9-13]. Controlling damping is of utmost
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importance as a low-« value helps to reduce the write current
in important applications like spin transfer torque-based
magnetoresistive random access memory. On the other hand,
a high-« value is necessary to eliminate the “ringing” effect
after switching the magnetic states.

On a shorter timescale, ultrafast demagnetization is one of
the fastest spin manipulation mechanisms which can revolu-
tionize the field of spintronics by decreasing the switching
time of the magnetization by many orders [14]. However,
the true microscopic mechanisms responsible for this ultra-
fast loss of magnetization remain highly debatable to date.
Substantial experimental and theoretical research over the last
two decades have unraveled the existence of two predom-
inant mechanisms. The first one involves the SFS process,
such as Elliott-Yafet-like electron-phonon scattering [15],
relativistic spin-flip scattering [16], Coulomb scattering [17]
and electron-magnon scattering [18], etc., due to the di-
rect light-matter interaction. The other presiding contribution
comes from the laser-excited hot electrons through the trans-
portation of spin current [19]. Although the timescales of
ultrafast demagnetization and precessional dynamics differ by
orders of magnitude, recent developments in this direction
have established a correlation between these two fundamen-
tal phenomena [20]. The correlation between the ultrafast
demagnetization time (7,,) and « provides insights for iden-
tifying the dominant microscopic contribution to the ultrafast
demagnetization [21,22]. A proportional relation manifests
dominant local SFS contribution, while an inverse dependence
signifies the contribution from the spin transport in the sys-
tem. Interestingly, this correlation also helps to determine the
major microscopic contribution to the damping [23]. A linear
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relationship between 7, and o points to the dominance of
intraband conductivity-like contribution, whereas an inverse
relationship indicates the interband resistivity-like contribu-
tion. It is important to mention here that the excitation with
an optical pump not only leads to the generation of uniform
precessional mode but also perpendicular standing spin-wave
(PSSW) modes in a relatively thick magnetic layer. These
modes are highly exchange dominated and reside across the
thickness of the film. For this reason, PSSWs are used primar-
ily to study the exchange interactions [24], determining the
exchange stiffness constant [25], depth-dependent saturation
magnetization profile, and damping [26]. Recently, PSSWs
have been used in reducing the switching field of a highly co-
ercive magnet [27]. Thus, controlling the dynamic properties
of these high-frequency SW modes is extremely important.

In this paper, we have investigated the effects of pump
fluence (F') on the t,,, fast remagnetization time (z,) and « for,
respectively, 50- and 100-nm-thick NigoFe,o (permalloy: Py
hereafter) films using the time-resolved magneto-optical Kerr
effect (TR-MOKE) magnetometry [28]. TR-MOKE offers
several advantages over alternative techniques. It is the only
technique which can provide a broad range of temporal dy-
namics like ultrafast demagnetization, relaxation, precession,
and damping from a single measurement [29]. Besides, it is
devoid of delicate microfabrication and broad area averaging.
It eliminates inhomogeneous line broadening and prevents the
overestimation of «. On the other hand, being a low coercive
field magnet with negligible magnetostriction and magnetic
anisotropy, Py is a preferred material for magnetic recording
head sensors, high-frequency transformers, and several other
device applications [30]. Moreover, this study provides the ul-
trafast spin dynamics in relatively thicker films in the presence
of additional dissipation mechanisms and multiple spin-wave
modes. The experimental results of the ultrafast demagneti-
zation have revealed a monotonic increase of 7, and t, with
pump fluence. From the picosecond precessional dynamics,
we have observed that « for both Kittel and PSSW modes
remain invariant with the external magnetic field strength, but
it exhibits strong enhancement with pump fluence. Instanta-
neous increase of the system temperature and the subsequent
dissipation of heat from the probed area result in a temporal
chirping of the oscillatory Kerr signal. As a result, the preces-
sional frequencies for both the Kittel and the PSSW modes
experience redshift. A direct correlation between 7,, and o
indicates that SFS can be the dominant microscopic mech-
anism for ultrafast demagnetization and a major intraband
conductivity-like contribution to «. These findings will trigger
further research interest about the energy requirements and
timescales of the magnetic processes in the technologically
important magnetic materials.

II. SAMPLE PREPARATION AND CHARACTERIZATIONS
A. Sample preparation

Py films having thicknesses of 50 and 100 nm were
deposited using a DC magnetron sputtering system (base
pressure 3 x 1077 Torr, argon pressure ~0.5 mTorr, and de-
position rate ~0.2 A/ s) over 8 x 8-mm? silicon (100) wafers
having 285-nm-thick SiO, coatings. Thereafter, SiO, capping

layers of 5 nm were deposited on top of the Py layer us-
ing rf magnetron sputtering. Very slow deposition rates were
maintained to achieve uniform thicknesses of the films. Py
was deposited at a DC voltage of 430 V, while SiO, capping
layer was deposited at an average rf power of 60 W. All the
other deposition conditions were carefully optimized and kept
almost identical for both samples.

B. Characterization

The static magnetic properties, such as coercive field (H,),
saturation field (Hy), and saturation magnetization (M) of the
two films were characterized using vibrating sample mag-
netometry (VSM). The grazing-incidence x-ray-diffraction
(GI-XRD) technique was used to obtain the crystal struc-
ture. The thickness, surface roughness, and electron density
of different layers were determined by x-ray reflectivity
(XRR) measurement. The surface topography of the films
was measured using atomic force microscopy (AFM). TR-
MOKE magnetometry was used to study the magnetization
dynamics from femtosecond to nanosecond timescale. The
second harmonic (wavelength = 400 nm, repetition rate =
1kHz, pulse width >35 fs) of an amplified femtosecond laser
pulse generated from a regenerative amplifier system was used
to excite the dynamics, while the fundamental laser beam
(wavelength = 800 nm, repetition rate =1kHz, pulse width
~35 fs) was utilized to probe the time-dependent Kerr rotation
in the polar geometry. Pump and probe beams have spot sizes
of about 350 and 100 um, respectively. Before laser pulse
excitation, a strong bias magnetic field (H) was applied at a
small angle (~15°) to the sample plane which ensures a finite
demagnetizing field component along the pump-pulse direc-
tion. It helps to induce precessional dynamics in the sample
upon optical excitation. This out-of-plane (OOP) component
plays an important role in determining the initial canting angle
of the magnetization which eventually influences the preces-
sional angle. If the OOP component of magnetic field is set to
zero, no optically triggered precession will be observed [31].
The back-reflected probe beam was fed to a set of an an-
alyzer and a photodiode. The polar Kerr signal was finally
detected using a lock-in amplifier in a phase-sensitive manner.
Throughout the measurement, probe fluence was kept fixed at
1 mJ/cm? while pump fluence was varied over a broad range
from 4 to 20 mJ/cm?. All the measurements were performed
at room temperature under ambient conditions.

III. RESULTS AND DISCUSSION
A. Static characterization

We have measured the in-plane (INP) and OOP mag-
netic hysteresis loops using VSM at room temperature for
Sub/Py (50, 100)/SiO,(5) as shown in Fig. 1(a). Thickness
values indicated in the parentheses are in nanometers. The
values of H; in INP and OOP configurations for these films
are about 50.0 Oe and 10.6 kOe, which reveal that these films
are IP magnetized with no OOP anisotropy. We have obtained
the value of M to be about 800 emu/cc for both the films.
Also, these films exhibited small H.(~15 Oe), which reveal
their soft-ferromagnetic nature.
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FIG. 1. (a) VSM loops for Sub/Py (50, 100 nm)/SiO, (5 nm) samples. (b) XRD spectra measured at 2° grazing incidence angle from bare
Si/SiO; substrate and Sub/Py (50, 100 nm)/SiO, (5 nm) samples. (c) XRR spectra (symbols) for Sub/Py (50, 100 nm)/SiO, (5 nm) samples
fitted using GENX (solid red lines). (d) Two-dimensional AFM image for Sub/Py(100)/SiO,(5) sample. (¢) Schematic of sample structure and
experimental geometry. (f) Representative TR-MOKE data for Sub/Py (50 nm)/Si O,(5 nm) sample at an applied magnetic field of 2.4 kOe
and pump fluence of 10 mJ/cm? with three different temporal regimes marked in figure. Solid red line indicates exponential background.

Figure 1(b) displays the GI-XRD spectra obtained from
bare Si/SiO, substrate and Sub/Py (50, 100)/SiO,(5) thin
films at a glancing angle of 2°. In this plot, the peaks cor-
responding to the 20 angle of ~44.43° and ~51.61° primarily
correspond to the (111) and (200) orientation of Py signifying
the polycrystalline nature of our films [32-34]. The other
high-intense peaks correspond to 26 angles of ~54.57° and
~55.53° appear from the substrate. From the (111) peak, we
have also estimated the grain size, using Scherrer’s equa-
tion [35], to be 12.7 and 15.1 nm for Py (50-nm) and Py
(100-nm) films, respectively. These obtained values are very
close to the values reported in the literature for polycrystalline
Py thin films [36,37].

To film the qualities such as roughness, thickness,
and average electron density of different sublayers of
Sub/Py (50, 100)/Si0,(5) thin films, we have measured the
XRR spectra using an 8-keV x-ray source [as shown in
Fig. 1(c)] and analyzed the spectra using GENX software [38].
The thicknesses obtained from the fit are close to the nominal
thickness values. Average surface roughness obtained from
the fit for 50- and 100-nm-thick films are 0.62 and 0.55 nm,
respectively. Electron densities of Py and SiO, are found to
be 7.1 x 107°A~2 and 2.0 x 107>A~2, respectively, in both
the films. We have also measured the surface topography of

these films using AFM in dynamic tapping mode by taking
scans over a 5 x 5-um? area as shown in Fig. 1(d) for the
100-nm-thick film. Due to the thin capping layer, the in-
terfacial roughness reflects its imprint on the topographical
roughness. We have analyzed the AFM images using WSXM
software [39]. The variation in surface roughness is found to
be very small when measured at different regions of the same
sample. Topographical roughness of 50- and 100-nm-thick
films are found to be 0.86 and 0.80 nm, respectively, which
are slightly higher than the values obtained from the XRR
analyses possibly due to large area averaging.

B. Magnetization dynamics at different timescales

When a conventional ferromagnetic material is excited by
a femtosecond laser pulse, its magnetization is partially or
fully quenched in subpicosecond timescale, which is known
as ultrafast demagnetization. This instantaneous quenching is
followed by a faster recovery within few picoseconds and
a slower recovery within hundreds of picoseconds, known
as the fast and slow remagnetization, respectively. The slow
remagnetization is accompanied by the damped sinusoidal
precession in the presence of an external magnetic field trig-
gered by an instantaneous change in the demagnetizing field
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of the sample. The schematic of experimental geometry is
shown in Fig. 1(e). Representative TR-MOKE data obtained
from the 50-nm-thick Py film for H =2.40kOe and F =
10mJ/cm? are shown in Fig. 1(f). There are three different
temporal regimes, i.e., ultrafast demagnetization (region I),
fast remagnetization (region II), and slow remagnetization
with precession (region III). The red solid line in Fig. 1(f) is
a fit to the exponential background originating from the heat
diffusion during the slow relaxation process from the system
to the surrounding.

C. Laser-induced ultrafast demagnetization

Since the discovery of ultrafast demagnetization in Ni thin
film by Beaurepaire et al. in 1996 [14], several models have
been proposed to interpret its origin [40—42]. Among those,
the phenomenological three-temperature (3T) model has been
widely used which deals with the energy exchange between
the three heat baths, namely the electron, spin, and lattice
baths. Upon laser excitation, electron temperature increases
instantaneously to create a hot electron population above the
Fermi level, which then triggers the quenching of magneti-
zation in the spin subsystem by electron-magnon interaction.
Subsequently, the energy rebalancing between these three
subsystems ensures that the quenched magnetization relaxes
back into its original equilibrium position. The temporal evo-
lution of these three subsystems can be described by the
following coupled differential equations [14,15,43,44]:

dTg
CE(TE)I = — GgL(Tg — Tp) — Ges(Tg — Ty)
+Vz(szTE)+P(t), (1)
dTg

CS(TS)? = —Ggs(Ts —Tg) — Gs1 (Ts — Tp), (2)

dT;
CL(TL)W =—Gg(Tp —Tg) — G (T, — Ts), (3)

where the temperatures of the electron, spin, and lattice
baths are denoted by T, Ty, and T;, respectively. Cg, Cs,
and Cp are the electron, spin, and lattice specific heats.
Ggr, Ggs, and Ggp are the electron-lattice, electron-spin,
and spin-lattice coupling constants, respectively. P(¢) is the
laser excitation term which is generally Gaussian in nature.
The term V, (kV,Tg) represents thermal diffusion, charac-
terizing heat dissipation through thermal conduction across
the sample’s thickness (temporal and spatial evolutions of
electronic heat diffusion for 50- and 100-nm Py films at
pump fluence of 20mJ/cm? are shown in Fig. S1 of the
Supplemental Material [45]). Here, k stands for electronic
thermal conductivity. The lattice (phonon) heat bath is as-
sumed to have a much larger specific-heat capacity in
comparison to the electron subsystem. Therefore, the heat
diffusion is much faster through the electron heat bath
as opposed to phonons, as proposed in the recent litera-
ture [44,46,47]. Thus, the lattice bath can absorb and store
more energy without experiencing significant rise in tem-
perature. Because of this, the lattice heat-diffusion term is
neglected in our three-temperature modeling. This assumption
simplifies the model and allows us to focus on the other
dominant heat-transfer processes as suggested by several re-

cent studies [15,43,44,46-51]. Moreover, we have neglected
the effect of heat diffusion to the substrate on the ultrafast
demagnetization. Generally, the heat diffusion to substrate is
more prominent in the presence of conducting substrates (that
acts as an effective heat sink and affects the ultrafast demag-
netization via superdiffusive spin-transport mechanism [19])
and very thin samples where substrate is directly excited by
the laser pulse [43,52-54]. However, our sample thickness is
much higher than that of the optical penetration depth and the
Si substrate is coated with 285-nm-thick SiO; insulating layer.
In our calculation, we have considered a linear contribution of
the electronic specific heat, i.e., Cr = y Tg, where y is deter-
mined by the electron density of states around the Fermi level.
Solving Eqs. (1)-(3) and subsequently by using mean-field
theory, the magnetization of the system as a function of time
can be extracted. The experimentally measured demagnetiza-
tion curves can also be fitted with the following expression to
extract the t,, and t, directly [55,56]:

AM. H A
M, L@/ + 1)
+ Me_t/fe

Altm _AZTe —_
e t/ T

Te — Tm

}H(r) +A38(t)i| ® G (1).
)

In the above expression, A; represents the value of magne-
tization after equilibrium between electron, spin, and lattice
is established; A, is proportional to the maximum rise in
the electron temperature and Az represents the magnitude of
state filling effect during pump-probe temporal overlap, well
described by a Dirac-delta function [§(¢)]. The cooling time
by heat diffusion is described by 7, representing the timescale
of electron-phonon interactions. H(¢t) and G(t) are the Heav-
iside step function and Gaussian function, respectively. The
latter corresponds to the profile of the laser pulse. The two
exponential terms in the above equation mirror the timescale
of magnetization loss by the ultrafast demagnetization and the
timescale of electron-phonon interaction by fast remagnetiza-
tion of magnetization. The temporal changes of Kerr rotation
[AB;(¢)] for all the measurements are normalized by the total
Kerr rotation (6;) and then fitted with Eq. (4). Figures 2(a)
and 2(b) show the laser-induced ultrafast demagnetization
obtained at different laser pump fluence for Py thicknesses of
50 and 100 nm, respectively. We observe a monotonic increase
in 7, and 7, with pump fluence for both films [Figs. 2(c)
and 2(d)]. The enhancement in t,, is an indication of the
enhanced spin fluctuations at an elevated temperature of the
spin system which may be due to an increase in dynamic lon-
gitudinal susceptibility and a decrease in exchange-interaction
strength [57]. The increase in 7, with pump fluence can be ex-
plained by the fact that there is an increase in the specific-heat
capacity with laser fluence. The specific-heat capacity (energy
required to increase the temperature of unit mass by 1 K) will
influence this magnetization recovery process by affecting
the temperature change that occurs during this process. With
the increase in specific-heat capacity, a system absorbs more
energy for a given temperature change. This means that the
temperature change induced by laser pulse excitation will be
smaller in higher specific-heat capacity states. As a result,
the system will experience lower cooling rate during the re-

Te — Tm
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FIG. 2. Time-resolved Kerr rotation traces showing ultrafast de-
magnetization for (a) 50- and (b) 100-nm-thick Py film at different
pump fluences. Symbols denote experimental data points and solid
lines represent fitted curves using Eq. (4). Fluence-dependent varia-
tion of (c) ultrafast demagnetization time (t,,) and (d) fast relaxation
time (7,) obtained as fitting parameters.

magnetization process, leading to longer t,. At higher pump
fluences, the cooling dynamics of both the electron and lattice
systems exhibit notably slower behavior [58]. Also, higher
fluence causes a greater rise in electron temperature followed
by spin temperature and hence, magnetization takes more time
for recovery to its initial equilibrium [59,60]. Under these
circumstances at higher fluence, the remagnetization process
slows down. leading to higher z, [57-60].

Also, we have observed that there is a continuous increase
in A; and A, with pump fluence in these thin films due to
higher quenching, longer thermal-relaxation time, and higher

increase in electron temperature at elevated fluence (shown
in Tables S1 and S2). In our TR-MOKE measurements time-
resolved transient reflectivity signal is captured in tandem
with the Kerr rotation signal. Figure S2 of Supplemental
Material [45] shows the transient reflectivity data at different
laser fluences. The relative variation in Kerr rotation is about
one to two orders of magnitude larger than the relative varia-
tion in transient reflectivity at any given fluence (as shown in
Fig. S3 of Supplemental Material [45]). This rules out the pos-
sibility of the breakthrough of the nonmagnetic contributions
to magnetic signal in highly excited states [61].

To explore the underlying physics involved in the ultrafast
demagnetization process we have modeled the experimental
demagnetization data using Eqs. (1)-(3). In this model-
ing, we have used k =90.7Js"! m~' K~! and y = 5.05 x
10° Jm~3 K2 for Py (a weighted average of the values of
iron and nickel). Figures 3(a) and 3(b) shows the temporal
evolution of Tg, Ty, and T;, for 50- and 100-nm-thick Py
films at F = 20 mJ /cm?. The values of specific heats and cou-
pling constants for 50- and 100-nm-thick films are tabulated
in Table I. The 100-nm-thick film has slightly higher C; in
comparison with the thinner 50-nm film. Using a model based
on Debye-Einstein approximation, Alassafee et al. observed
that with the increase of size of a system, Cy, increases non-
monotonically and eventually saturates in the bulk limit [62].
In their case, this increase in C;, with system size is primarily
due to an increase in bulk modulus, isobaric linear thermal
expansion, and Debye temperature, along with a reduction
in the Griineisen parameter (describes the dependence of the
lattice vibration frequency on the relative change in volume or
temperature). The 50-nm-thick Py film possesses lower values
of Ggr, Ggs, and Gg; in comparison with 100-nm-thick Py.
This observation corroborates the higher t,, and t, values and
indicates an easier energy dissipation in the thicker sample.
This, in turn, signifies a larger increase in system temperature
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FIG. 3. Temporal evolution of electron temperature (7 ), spin temperature (7s), and lattice temperature (7;) for (a) 50-nm and (b) 100-nm
Py film for pump fluence of 20 mJ/cm?. Variation of Ty as function of time delay at different laser pump fluence for (c) 50-nm and (d) 100-nm
Py film. (¢) Maximum electronic temperature rise [(7r )] at different laser pump fluences obtained from 3T modeling. (f) (T ).« at different

laser pump fluences calculated numerically using Eq. (5).
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TABLE 1. Parameters obtained from 3T modeling for 50- and 100-nm Py film.

Py Fluence CL CS GEL GES GSL
thickness (mJ /cm?) (10°Tm=3 K1) (10°Jm=3 K1) (107 Wm™ K') (107 Wm™ K (107 Wm™ K
4 421 2.13 9.53 6.01 5.20
8 423 2.19 9.51 6.82 5.22
12 4.40 2.27 6.03 6.01 5.21
50 nm
16 4.48 2.33 6.28 5.14 4.95
20 4.53 2.34 5.51 4.02 4.92
4 6.65 2.10 18.04 14.01 8.60
8 6.71 2.17 16.07 12.02 8.69
12 6.78 2.23 12.71 11.91 7.73
16 6.80 2.24 13.00 11.04 7.71
100 nm
20 6.84 2.26 9.05 10.18 8.64

in thinner films in comparison with the thicker films within a
comparable fluence range.

Furthermore, we observed an increase in both C; and
Cs as laser fluence increases, which may be attributed to
a corresponding rise in their respective bath temperatures.
This increase in specific-heat capacities will also make the
magnetization recovery process slower by slowing down the
temperature change that occurs during this process. With the
increased heat capacity, the system will require more energy
for a unit temperature change. As a result, it will experience
lower cooling rate during remagnetization process, leading to
larger t,. In contrast, Ggs and Gg; exhibit a decrease with
laser fluence while Gg;, shows a negligible change. Recent
literature indicates an inverse relationship between that ul-
trafast demagnetization time and Gggs, which supports our
observation [63]. A reduction in Gg; at higher fluence signi-
fies a weakening electron-lattice coupling, leading to a longer
time taken for electrons to attain equilibrium. In ferromagnetic
transition metals, energy transfer between electrons and lattice
dominates over that between spins and lattice [64]. This points
to a limited impact of Gy, in the context of 3T modeling [43].

Figures 3(c) and 3(d) show the temporal evolution of 7g
for 50- and 100-nm-thick Py films at different laser pump
fluences. Variation in maximum electronic temperature rise
((Tg )max) from this modeling is plotted in Fig. 3(e), which
confirms the continuous increase in electronic temperature
with laser fluence. We will now compare this electronic tem-
perature rise with some theoretical arguments, where the
(TE )max 18 related to the peak absorbed laser energy per unit
volume (E,) by the following relation [65]:

2E,

T M
y 9 b

E,=[1— e y

(TE )max = where

(&)

where d is the film thickness, A is the optical penetration depth
(~17nm), R is the reflectivity of the sample (~0.5), and Ty
is the ambient temperature (~300 K for room temperature).
Variation in 7 with laser pump fluence for both the films us-
ing the expression in Eq. (5) is plotted in Fig. 3(f). T derived
from the numerical calculation shows qualitative agreement
with that obtained using the 3T modeling. Similar to 7z, there
is also an increase in Ty and 7; with the laser fluences (as
shown in Fig. S4 and S5 of the Supplemental Material [45]).

The highest temperature attained by spin bath is much lower
than the Curie temperature (~863 K for Py [66]). Hence, we
have excluded any additional heat capacity for the spin system
in our 3T modeling analysis [67].

D. Laser-induced modulation of precessional dynamics

The precession of magnetization around an effective mag-
netic field appears as a damped sinusoidal oscillation in the
time-resolved Kerr rotation data in the picosecond to nanosec-
ond timescale. We have extracted the precessional relaxation
time (7) by fitting the background-subtracted Kerr oscillations
using the following expression [66,68]:

M(t) = ZAiei(t/ri)Sin(ZT[ (fl + blt)t + ¢i)7 (6)

where A;, 1, fi, ¢:;, and b; are, respectively, the precessional
amplitude, relaxation time, precessional frequency, initial
phase, and temporal chirp parameter for the ith mode. For all
these samples we have investigated the precessional dynamics
at various H values. The fast Fourier transformation (FFT)
of the oscillations provides f; for different values of H. The
field dispersion of frequency (f) is fitted using the following
expression [69]:

y H2An7r2H2Ann24M

I'= 4 ( +Ms(d>>< +Ms(d) tar e”)’

(N
where M is effective magnetization and y (=gug/h) is the
gyromagnetic ratio. g and h are the Landé g factor and re-
duced Planck’s constant, respectively. Here, A, n, and d are
the exchange-stiffness constant, order of PSSW mode, and
thickness of the film, respectively. For uniform Kittel mode
n =0, while n = 1 and 2 stand for first- and second-order
PSSW mode. The A value is taken from the literature [70]
as 1.3 x 107 erg/cm for Py. M. and g are determined as
the fitting parameters here. After finding T and M, we have
estimated the effective damping, « using the following expres-
sion [71]:

1
o=
yT(H + 2mMesr)

where the value of y is 1.76 x 10’ Hz/Oe. Figures 4(a)
and 4(b) show the time-resolved Kerr oscillations for differ-

®)
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FIG. 4. Background-subtracted time-resolved Kerr rotation data showing precessional oscillations at different bias magnetic field(H)
values for (a) 50-nm and (b) 100-nm-thick Py film. Symbols represent experimental data points and solid lines represent fit using Eq. (6).
Precessional frequency as function of H (symbols) and corresponding Kittel fit (solid line) for (c) 50-nm and (d) 100-nm-thick Py film is
shown. [Insets show the fast Fourier transformation power spectra at the highest field which clearly shows (c) two modes for 50-nm-thick Py
film and (d) three modes for 100-nm-thick Py film]. Gilbert damping parameter () as function of H for (e) 50-nm and (f) 100-nm-thick Py

film.

ent bias magnetic fields at F = 10mJ/cm? for the 50- and
100 nm-thick Py film, respectively. Figures 4(c) and 4(d) show
the f vs H plot fitted with the Kittel formula in Eq. (7) for 50-
and 100-nm-thick Py film, respectively. There are two modes
for the 50-nm-thick film [as shown in the inset of Fig. 4(c)]:
one corresponding to the uniform Kittel mode with lower fre-
quency and the other corresponding to first-order PSSW mode
with higher frequency, whereas three clear modes appear for
the 100-nm-thick film [as shown in the inset of Fig. 4(d)]:
a low-frequency uniform Kittel mode and first- and second-
order PSSW modes. From the Kittel fit, we have obtained
Mg =~ 790 £ 10 emu/cc and g = 2.0 £ 0.1 for the Kittel and
the PSSW modes of both Py films, which are close to the
values obtained from VSM (~800 emu/cc). The amplitude
of precession is found to increase with H (as shown in Figs.
S6 and S7 of Supplemental Material [45]), which can be at-
tributed to the enhancement of INP magnetization component
with increasing magnetic field strength. With the increase in
H, there is an increase in magnetic torque (M x H.y term
in Landau-Lifshitz-Gilbert equation) which prefers a large
angle between M and H., leading to higher precessional
amplitude [72,73]. Increase in OOP magnetic field can also
increase the precessional amplitude in TR-MOKE measure-
ment, leading to higher canting angle of magnetization with
respect to the sample plane prior to optical excitation. How-
ever, in our measurement setup, we have maintained the initial
OOP canting at a constant value to ensure it does not exert
varying impacts on the precessional amplitude when altering
laser fluence and magnetic field strength. « is found to be
independent of H [as shown in Figs. 4(e) and 4(f)]. The
literature shows that in the presence of extrinsic effects like
two-magnon scattering, o decreases with the applied magnetic
field due to the increased degeneracy of spin waves while
it should increase in the presence of inhomogeneous surface
anisotropy [22]. A field-independent nature of « rules out the
presence of any such extrinsic contributions in our system.

To study the effect of laser pump fluence (F) on preces-
sional dynamics, we have varied F' from 4 to 20 mJ /(:m2 at
H = 2.4k0e. The precessional data at different pump flu-
ences for 50- and 100-nm-thick Py are plotted in Figs. 5(a)
and 5(b), respectively. The amplitude of precession increases
with F (as shown in Fig. S6 and S7 of Supplemental
Material [45]) due to the stronger modulation of magnetiza-
tion and the effective field. The variation of o with F is plotted
in Figs. 5(c) and 5(d) for 50- and 100 nm-thick Py films,
which shows damping increases significantly from its intrinsic
value for both Kittel and PSSW modes within this fluence
range. We have observed that damping of Kittel and PSSW
modes is following the similar increasing trend with laser
fluence. This trend signifies that there is no intermode energy
transfer between different modes [68]. Although there is a
finite possibility of laser fluence-induced damping enhance-
ment due to the eddy current and nonlocal contribution from
the propagation of magnetostatic spin waves, recent studies
show that eddy-current contribution in Py films below 100 nm
is negligible [74] and nonlocal contribution to damping is
more significant when the excitation area is below 10 wm [75].
Throughout the measurement we have carefully maintained
the overlap between the probe and pump beams and the Kerr
signal is collected from the uniformly excited region with
a 100-um spot size. Thus, the introduction of any nonlocal
effects is very unlikely. Among various other mechanisms
responsible for the laser fluence-induced damping, the spin-
lattice interaction mechanism can be a dominant one. In the
presence of this mechanism, energy density deposited in the
probed volume increases with laser fluence, which causes an
enhancement in the energy dissipation from the spin system
to lattice, which in turn accelerates the decay of spin waves.
We have observed that lattice temperatures (extracted from
the 3T modeling) for the 50- and 100-nm-thick films increase
from approximately 350.7 to 485.2 K and 318.6 to 399.7 K
within the experimental fluence range (as shown in Fig. S5
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FIG. 5. Background-subtracted time-resolved Kerr rotation data showing precessional dynamics at different laser pump fluence (F') for (a)
50-nm and (b) 100-nm Py film. Symbols represent experimental data points and solid lines represent fit using Eq. (6). Variation of Gilbert
damping parameter (o) with laser fluence for (c) 50-nm and (d) 100-nm Py film. Precessional frequency and temporal chirp parameter as

function of laser fluence for (e) 50-nm and (f) 100-nm Py film.

of Supplemental Material [45]). As « is proportional to the
susceptibility of the sample, which is a function of the lattice
temperature, any change in the lattice temperature with laser
fluence will affect «. According to the Landau-Lifshitz-Bloch
model, an increase in the laser fluence will increase the ratio
between the system temperature and Curie temperature, which
induces electron-impurity led spin-dependent scattering and
causes the enhancement of « [76]. The possibility of irre-
versible damage in the probed area due to high fluence cannot
be ignored. To verify this, we have performed another set of
experiments where the probed area is exposed to different
irradiation pump fluences (F;) for 15 min. After the irradiation,

the precessional dynamics is measured from that area with
a low pump fluence of 4mJ/cm?. We find that precessional
frequency and damping remain almost invariant for all the
irradiation fluences up to 20 mJ/cm? (as shown in Fig. S8 of
Supplemental Material [45]). These results demonstrate that
pump-induced modification of the magnetization dynamics
is reversible and transient in nature within our experimental
fluence range.

With an increase in the pump fluence, precessional fre-
quencies of both the Kittel and the PSSW modes show
considerable redshift [as shown in Figs. 5(e) and 5(f), re-
spectively]. The frequencies of Kittel and first-order PSSW
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films. Solid line is linear fit to data.

modes in the 50-nm-thick film are reduced by 3.41 and 4.60%.
For the 100-nm-thick film, the frequencies of Kittel and first-
and second-order PSSW modes are reduced by 2.33, 2.78,
and 3.24%, respectively. This decrease in frequency is mainly
due to a change in the local magnetic properties such as
magnetic moment, susceptibility, anisotropy, etc., by rapid
accumulation and dissipation of thermal energy in the probed
volume, which introduces temporal chirping [66,77]. Chirping
appears in a time-dependent Kerr oscillation signal because
with passing time magnetization of the sample acquires an
equilibrium state but the precessional frequency is unable to
attain a stable equilibrium state and continues to change. The
temporal chirp parameter (b) shows negligible dependence on
the bias magnetic field as plotted in Fig. S9 of Supplemental
Material [45]. However, it increases significantly with the
laser pump fluence for both 50- and 100-nm-thick films as
shown in Figs. 5(e) and 5(f), respectively. Enhancement in b
for the PSSW modes is higher in comparison with that of the
uniform Kittel mode, which implies higher-frequency modu-
lation of these bulk modes due to the nonuniform distribution
of heat across the thickness of the magnetic layer.

The correlation between t,, and « is of significant inter-
est in recent times, as it is an effective method to detect
the governing microscopic contribution to ultrafast demag-
netization and damping [20-23,78,79]. According to this,
a proportional relationship between the 7, and « indicates
that the local spin-flip scattering mechanism dominates the
demagnetization process. However, an inverse dependence
implies that the nonlocal spin-transport mechanism domi-
nates the demagnetization process. By plotting 7, with « for
50- and 100-nm-thick Py films obtained at different pump
fluences in Figs. 6(a) and 6(b), we have observed an in-
crease in 7, with «. This proportional relationship signifies
that spin-flip scattering is the dominant microscopic mecha-

nism for ultrafast demagnetization in our system. Also, the
correlation between 7, and « helps to determine the major
microscopic contribution to the damping. A linear relation-
ship points to the dominance of intraband conductivity-like
contribution, whereas an inverse relationship indicates the
interband resistivity-like contribution. Hence, the observed
linear relationship between t,, and « signifies that intraband
conductivity-like contribution dominates the damping process
in our samples.

IV. CONCLUSION

An extensive and systematic study of ultrafast magneti-
zation dynamics is presented for 50- and 100-nm-thick Py
thin films at different pump fluences and bias magnetic field
by an all-optical TR-MOKE magnetometry. A strong corre-
lation between the ultrafast demagnetization time and fast
remagnetization time with the pump fluence is observed. The
Gilbert damping parameter for both Kittel and perpendicular
standing spin-wave modes remains independent of applied
bias magnetic field while showing significant enhancement
from intrinsic value with an increase in the pump fluence.
The precessional frequencies experience a noticeable redshift
with pump fluence due to a change in the accumulation and
dissipation of thermal energy in the probed area, leading
to a temporal chirping. A direct relationship between 1,
and « is established due to the dominant spin-flip scatter-
ing contribution to ultrafast demagnetization and intraband
conductivity-like contribution to damping for Py films. This
elaborative study will enlighten the understanding of the mod-
ulation of magnetization dynamics in ferromagnetic systems
in the presence of different external conditions and helps in
optimizing parameters for spin-based devices in accordance
with external conditions.
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