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The time-resolved magneto-optical Kerr effect technique has been exploited to study the magnetization
dynamics over femtosecond to nanosecond timescale for Gd-Fe thin films with different thicknesses. The
precessional magnetization dynamics is studied by varying the magnitude and orientation of the bias magnetic
field from nearly in-plane to nearly out-of-plane (OOP) direction. The analysis of bias magnetic field dependence
of precessional frequency has revealed the development of OOP anisotropy when the film thickness was
increased from 20 to 100 nm and this is in good agreement with the static magnetic properties of the films.
Moreover, the 100-nm-thick film has shown a signature of perpendicular standing spin wave modes along
with the uniform Kittel mode. The evolution of their frequency, decay time, and damping with the magnitude
and orientation of bias magnetic field is analyzed in detail, showing possible energy transfer between the
perpendicular standing spin wave modes and the uniform Kittel mode. Interestingly, the effective damping could
be tuned over a broader range of 0.02 to 0.15, which shows the potential for applications in miniaturized and fast
magnetic storage, magnetic memory, and magnonic devices.
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I. INTRODUCTION

The possibilities of manipulating a magnetic system with-
out applying external magnetic field have gained considerable
research interest during the last two decades due to their
potential applications in magnetic storage devices. Some fa-
miliar examples include spin polarized current induced spin-
transfer torque (STT) switching [1], electric field controlled
magnetic devices [2], and all-optical switching (AOS) of
magnetization in an ultrafast timescale using ultrashort laser
pulses [3]. Optical control of magnetic order by femtosec-
ond (fs) laser pulses has become an exciting and expanding
research field as it explores faster ways for magnetization
reversal in a subpicosecond (ps) timescale. This was not
achieved from the precessional switching of the magnetization
in the presence of an orthogonal external magnetic field. A
realistic switching time, which can be achieved in such a
process, is on the order of 100 ps and is determined by the
strength and duration of the magnetic field pulse [4—6]. There
are three fundamental effects of ultrafast stimuli on a magnetic
system, namely, ultrafast demagnetization, AOS, and laser-
induced spin precession and damping. Since the report on
ultrafast demagnetization in Ni films by Beaurepaire et al., the
mechanism behind this has become a topic of intense debate
[7]. Unlike the transient change in magnetization described
by ultrafast demagnetization, Stanciu ef al. demonstrated a
complete reversal of magnetization in rare-earth (RE) and
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transition-metal (TM) alloys employing optical stimuli in
the absence of an external magnetic field [8]. All-optical
helicity dependent switching thus promises a rapid increase
in writing speed for magnetic recording devices [3]. This has
widely been studied in the last decade for various magnetic
thin films including perpendicularly magnetized multilayers,
synthetic antiferromagnets, and different ferromagnetic alloys
[9,10]. The dynamics of the magnetization precession allows
direct access to study the magnetic anisotropy, damping, and
precessional frequency of different dynamic modes, such as
the uniform Kittel mode, the perpendicular standing spin wave
(PSSW) mode and other dispersive modes in a continuous
thin film [11,12] and patterned nanostructures [13]. Control of
Gilbert damping by various external stimuli has been demon-
strated [14—19], which shows their applications in spintronic
and magnonic devices. The magnetization dynamics becomes
further intriguing in the case of multisublattice magnets,
where an important role is played by the exchange of angular
momentum between the nonequivalent sublattices after being
stimulated. Alloys of 3d TM and 4 f RE metals are at the cen-
ter of attraction because they exhibit tunable magnetic proper-
ties with the change in stoichiometry [20-24]. This behavior
with a strong magneto-optic effect makes them particularly
interesting for magneto-optical recording when they exhibit
perpendicular magnetic anisotropy (PMA) [25,26]. Another
aspect of technological interest is higher magnetostriction
with in-plane (IP) anisotropy, which makes them applicable
in magnetostrictive memory [27,28], sensors, and actuators.
Among such RE-TM alloy systems, it is observed that the
timescale of magnetization dynamics is dependent on the
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exchange interaction and the balance of angular momentum
between the RE and TM sublattices, particularly when they
display antiferromagnetic coupling [20]. This provides an
excellent opportunity to study the element-specific response
of the materials using x-ray probes [21]. Gd-Fe based fer-
rimagnetic alloys are potential candidates for magneto-optic
media, bubble memories, and those are scientifically rich due
to the antiferromagnetic coupling between the Gd and Fe sub-
lattices. Thus, substantial effort has been made to explore the
composition dependent nature of ultrafast demagnetization
and remagnetization in this system aiming towards a decrease
in switching time [22]. On the other hand, the role of a higher
magnetic field in the study of magnetization dynamics has
been explicitly observed by Becker and colleagues in the
context of RE-TM alloys [29]. The role of RE concentration
and pump fluence on the Gilbert damping have also been
reported for these alloys [30,31]. Substantial research has
been performed to study the magnetic domains [32] and spin
reorientation transition with external perturbations [33,34] for
amorphous Gd-Fe thin films. However, a systematic investiga-
tion of magnetization dynamics as a function of film thickness
with special emphasis towards understanding of the dynamic
modes and their damping behavior has not been reported, to
our knowledge, for the Gd-Fe system.

This paper aims at systematic investigation of ultrafast
magnetization dynamics in Gd-Fe thin films with different
thicknesses viz., 20, 50, and 100 nm employing time-resolved
magneto-optical Kerr effect (TRMOKE) technique with two-
color pump-probe geometry. Here, we report the overall ultra-
fast demagnetization time and remagnetization times of Gd-Fe
system. The bias magnetic field dependence of the preces-
sional frequency of the Kittel mode for lower thickness and
several standing spin-wave (SW) modes in the higher thick-
ness regime is studied for different field orientation. The fre-
quency dependence of damping of the Kittel mode and decay
constants, for both Kittel and PSSW modes has been explicitly
demonstrated. The out-of-plane (OOP) magnetic anisotropy is
found to be developed in these films with increasing thickness,
which influences the magnetization dynamics significantly.
Importantly, the tunability of the orientations of magnetization
with applied field for different thicknesses of Gd-Fe films
has also been shown from the field-dispersion relations. It
should be noted that all the experiments are performed at
room temperature, which is below the compensation point of
the considered Gd-Fe films and hence we essentially probe
the net ferromagnetic moment of the system instead of con-
sidering the magnetization of the individual sublattice and
the antiferromagnetic coupling between them. The mutual
energy transfer mechanism between the PSSW modes and the
uniform Kittel mode is reported for Gd-Fe thin films showing
evolution with magnetic field strength.

II. EXPERIMENTAL METHODS

A. Sample preparation and static characterizations

Gd-Fe thin films of thicknesses d = 20, 50, and 100 nm
were deposited by electron-beam (e-beam) evaporation at
room temperature on Si (100) substrates with background
pressure better than 2 x 10~° Torr. The growth rate of the

films was set at around 0.3 nm/s employing an alloy target of
equiatomic elemental composition Gd and Fe. The substrate
was rotated at a constant speed of 10 rpm in order to ensure
the uniformity in thickness. A 3-nm-thin layer of Cr was
deposited as a capping layer.

The e-beam evaporated Gd-Fe films are amorphous in
nature [33] and the stoichiometry (using energy dispersive
x-ray spectroscopy) has been recorded in Table I, which shows
that the films are Fe-rich irrespective of their thickness. The
root mean square roughness (Rq) of the films was measured
by atomic force microscopy and found to be about 1 nm
for all three films. The IP and OOP hysteresis loops for the
Gd-Fe films measured from vibrating sample magnetometry
(VSM) are shown in Fig. 1(a) and also in Fig. 1S of the
Supplemental Material [35]. The values for the extracted
magnetic properties have also been recorded in Table I. Lesser
coercivity (Hc) indicates the soft magnetic characteristic of
the samples, which reverses the magnetization at a low field
(listed in Table I). It is worth mentioning that the lower values
of Hc essentially confirm the state of saturation with uniform
magnetization for the magnetic field values applied in the
dynamic measurements.

The remanent magnetization (My) measured in the IP
geometry is greater than that in the OOP geometry, which con-
firms that all the films show a predominant IP magnetization
and hence easier to saturate along the plane. The saturation
magnetization (Mg) calculated from the initial curves shows
increasing trend with the increase in film thickness that is
in agreement with the previous results obtained from ferri-
magnetic thin films [35,36]. The effective anisotropy constant
(Kefr) is calculated by subtracting the area under the OOP
initial curve from the IP initial curve (see Fig. 1S) [35]. Hence,
positive values of K¢ quantitatively indicate the presence of
weak IP anisotropies in the films. Surprisingly, the evolution
of stripe domains and development of weak OOP anisotropy
with increasing film thickness were reported previously for
Gd-Fe thin films [37]. This is unusual for magnetic films
with relatively higher thickness. Such a domain feature was
not observed from magnetic force microscopy in the present
films with the specified stoichiometry, but the decrease in
K. hints about a change in the orientation of magnetization
for the thicker films. The quantitative confirmation about
the anisotropy and the direction of magnetization will be
discussed further in light of magnetization dynamics.

B. Experimental details for dynamic measurements

We have used a two-color pump-probe technique in the
TRMOKE experiment. Here, the fundamental laser beam,
generated from a (Tsunami: Spectra Physics, A = 800 nm,
pulse width ~ 80 fs, repetition rate = 80 MHz, spot size =
800 nm) femtosecond laser cavity, is exploited to probe
the polar Kerr rotation of the sample and the second har-
monic of the fundamental beam (A = 400 nm, pulse width ~
100 fs, repetition rate = 80 MHz, spot size &~ 1 pum) excites
the magnetization dynamics [12]. The time delay between the
pump and probe pulse is indicated by Az. For all experiments,
the probe fluence is kept fixed at ~ 2 mJ/cm? and the pump
fluence is fixed at &~ 15 mJ/cm?. A large static field is ap-
plied to saturate the samples along the direction of the field
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TABLE 1. Stoichiometry, Ry, Hc, Mg, Ms, and K. for Gd-Fe thin films with different thicknesses are shown.

H M 3
Film Stoichiometry c ©e) R (emu/cm’) Ms Kesr
thickness (nm) (atomic %) R, (nm) 1P OOP 1P OOP (emu/cm?) (erg/cm?)
20 Gdy,;Fesr3 0.7 13 114 53 20 129 1.87 x 10°
50 Gd]o‘zFng‘g 1.0 55 144 48 4 131 1.45 x 10S
100 Gd,.Fegro 0.8 12 59 59 11 148 0.49 x 10°

(>5kOe) and then its magnitude (H) is varied according
to the experimental requirement. During this experiment, the
orientation of the H(fy) is varied from OOP to IP [as shown
in Fig. 1(b)]. Here, we have considered 6y = 21°, 50°, and
88° as OOP, tilted, and IP configuration. The probe beam falls
collinearly with the pump beam through the same microscope
objective (N. A. = 0.65) and measures the magnetization dy-
namics from a uniformly excited region from the sample. The
detection assembly allows the measurement of Kerr rotation
and reflectivity simultaneously by avoiding the breakthrough
of one signal to another. The time-resolved Kerr rotation data
for a 20-nm-thick Gd-Fe thin film is presented in Fig. 1(c).
Initially the magnetization of the entire Gd-Fe sublattice
system is aligned by the combination of anisotropy field and
bias magnetic field and its orientation is indicated by 6y in
Fig. 1(b). The rapid quenching of magnetization just after

Magnetization (emu/cm?®)

5 0 5
Field (kOe)

arrival of the pump pulse is known as the ultrafast demagneti-
zation [7] [regime I, Fig. 1(c)]. The thermalization between
electron and lattice results in fast remagnetization within a
few picoseconds (regime II). The heat-induced changes in
saturation magnetization and anisotropy compel the magne-
tization to move to a new equilibrium direction. During the
cooling process, a laser induced demagnetization field exerts a
torque in the magnetization and triggers damped precessional
motion of the magnetization towards the previous equilib-
rium directions [11]. The energy dissipation from lattice to
surrounding results in slow remagnetization and introduces a
biexponential background with the magnetization precession
(regime III). The timescales for ultrafast demagnetization and
fast remagnetization for a 20-nm-thick film were obtained as
about 300 fs and 1 ps (see Fig. 2S), respectively, from the
fitting of experimental data by using a simplified expression

L Regime lll

(c)

Kerr rotation (arb. units)

- Regime Il
Configuration: Tilted

0 47 500 1000 1500
Time (ps)

FIG. 1. (a) Hysteresis loops measured by using VSM in OOP and IP configurations for film thickness, d = 20, 50, and 100 nm. The
nature of magnetization reversal is more prominently shown in the plots provided in the insets. (b) Schematic of experimental geometry used
in TRMOKE microscopy. (c) Time-resolved Kerr rotation data showing three different temporal regimes for a 20-nm-thick Gd-Fe film for
the tilted configuration of the magnetic field. Blue solid lines represent the fitted curves. Data points in regime I and II are fitted using the
three temperature model (Eq. S1) describing ultrafast demagnetization and fast remagnetization, respectively. The exponential fit in regime III
corresponds to the slow remagnetization due to energy dissipation from the lattice to the surrounding.
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FIG. 2. (a) Background subtracted time-resolved Kerr rotation data and the corresponding FFT spectra for d = 20 nm in IP, tilted, and
OOP configurations. The magnetic modes are marked with black arrows as well as associated mode numbers. The magnitudes of the bias
magnetic fields are indicated in each panel. (b) Bias magnetic field dependence of precessional frequency is presented for tilted and OOP

configurations. Solid lines correspond to the Kittel fit.

of the three temperature model [35,38]. Earlier reports show
that the TM demagnetizes faster than the RE element and
forms a ferromagnetic like state for a short period of time
due to the antiferromagnetic interaction between Gd and
Fe atoms [22,39], which justifies the demagnetization time
obtained in our system. The slow remagnetization time is
obtained at about 220 ps. From the background subtracted
precessional data we obtain both the precession frequency and
decay time of precessional amplitude. The interval between
the successive pump pulses is about 12 ns, which ensures the
full recovery of the magnetization after it is perturbed. Also,
we do not expect any significant reduction of the magneti-
zation of the Gd-Fe thin films for the laser fluence used in
the experiment. This is confirmed due to the absence of any
significant temporal chirping of the precessional frequency as
observed in Ref. [19].

III. RESULTS AND DISCUSSIONS
A. Bias magnetic field dependence of precessional frequency

The magnitude and orientation of the bias magnetic field is
varied to obtain field dispersion of the precessional frequency,
which is equivalent to ferromagnetic resonance (FMR) in
the magnetic system. We performed a fast Fourier trans-
formation (FFT) of the precessional data to obtain the SW
spectra in the frequency domain, for d =20 and 100 nm
(as shown in Figs. 2 and 3). For the IP configuration the
reduction in precessional amplitude leads to a poor signal-to-
noise ratio for both samples. As the bias magnetic field is tilted
in the OOP direction the precessional amplitude increases and
we observed a time-resolved Kerr rotation showing superpo-
sition of multiple SW modes. The number of peaks varies
for different magnitude and orientations of the bias magnetic
field.

For d = 20 nm, mostly single mode with reasonable power
is observed in the spectra whose frequency decreases with

decreasing H for OOP configuration. Another lesser inten-
sity mode with different slope in the field-dispersion curve
appears in the low field regime for the tilted configuration (see
Fig. 2). At the IP configuration the dominance of nonmagnetic
noise has suppressed the features of magnetic peaks. For
d = 100 nm, there appear three, two, and single modes within
our experimental field regime for IP, tilted. and OOP config-
urations, respectively (Fig. 3). The presence of few spurious
peaks in the spectra is found in the IP configuration, which
disappears as the field is rotated towards OOP direction. Mode
3 in the IP configuration and mode 2 in the tilted configuration
disappear in the low field regime.

To investigate the anisotropic behavior of these modes, we
have fitted our experimental data points using the following
form of the Kittel formula [40]:

f = 3= < ), (1)
H; = HCos(0y — Oy) — 47t MegrCos>(Oy), )
H2 = HCOS(QH — QM) — 47TMeffCOS(29M). (3)

Here, f is the precessional frequency, y = gug/h is the
gyromagnetic ratio, and g is the Lande g-factor. H, 6y, and
Om are the parameters, already described before. Mg is the
effective magnetization, which can be expressed as

47TMeff = 47TM5 — HJ_,

4)
where H, = 2K,

i is the OOP anisotropy field and K is the
anisotropy constant. Ms is the saturation magnetization of the
samples at room temperature obtained from VSM measure-
ment. 6y during onset of dynamics can be found, by solving

the following equation numerically:

Sin (26y) = 2H /4w Mege) Sin (By — 6y ), 5)

where the IP azimuthal angle for bias magnetic field and mag-
netization should be same with respect to the IP coordinates.
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FIG. 3. (a) Background subtracted time-resolved Kerr rotation data and corresponding FFT spectra for d = 100 nm in the IP, tilted, and
OOP configurations. The magnetic modes are marked with black arrows as well as associated mode numbers. The magnitudes of bias magnetic
field are indicated in each panel. (b) Bias magnetic field dependence of the precessional frequency is presented. Solid lines correspond to the

Kittel fit.

Combining the abovementioned equations, we have fitted
the Kittel mode for different field orientations of both the
samples and the fitting parameters have been recorded in
Table II.

The Mg values obtained from fitting differ with the satura-
tion magnetization within £10%. The magnetization follows
mostly the orientation of bias magnetic field, though the com-
bined effect of anisotropy and external field controls the tilt of
magnetization. The positive sign of the anisotropy constant
demonstrates an evolution of OOP anisotropy, although its
magnitude is comparatively lower than the conventional PMA
systems, such as, Co/Pd multilayers, etc. [41]. Although the

J

sources of OOP anisotropy in amorphous RE-TM films are a
topic of debate, previous studies explained the development
of PMA in thicker Gd-Fe films with the presence of labyrinth-
like magnetic domains, the width of which increases with
the increase in film thickness along with the simultaneous
reduction in domain wall width. The energetics, derived from
micromagnetic simulations elucidated the dominant role of
dipolar coupling behind the development of this anisotropy
in thicker films [37].

We fitted the higher frequency modes appeared for 100-
nm-thick film using the following formula of PSSW modes
[42,43]:

f= Z\/(HCOS(QH —6y) — 47TMeffCOSZ(9M) + M(?

Here, A, n, and d, are the exchange stiffness constant, order
of PSSW mode, and thickness of the film, respectively. The
other parameters have their usual meaning. This formula holds
for the experimental configuration with 6y =~ 6y =~ 90°. From
the fit we have confirmed that mode 2 for the IP and tilted
configurations is the first order PSSW mode (n = 1) for this
thick film. Mode 3 for the IP configuration is the second order
PSSW with n = 2. The exchange stiffness constant is found
to be A =2.6 x 1077 erg/cm, which agrees well with the
reported values for Gd-Fe thin films [32]. It is worth men-
tioning here that we also observed a lower frequency mode in
the close vicinity of the Kittel mode in the 20-nm-thick film.
This mode is of magnetic origin as confirmed from its field

)2> <HCos(9H 6y — 4 My Cos(26y) + 22 (EY) 6)

M\ d

(

dispersion. However, the field dispersion of these modes could
not be fitted well with reasonable parameters. It may arise
from the magnetic inhomogeneity developed in the system.
A slight change in anisotropy sometimes along the thickness
of the film cannot be ruled out. The Kittel fit of this mode with
Ms = 111 emu/cm? and K| = 0.8 x 10° erg/cm?, justifies
the above speculation. There is the possibility of inhomoge-
neous growth of the films with nonuniformity in the elemental
composition along the thickness [34], which can cause the
appearance of modes other than the Kittel mode. Moreover,
the strength of the dipolar field is more at the surface of
the film due to the closure of magnetic lines of the force
through the top and the bottom of the sample. This may
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TABLE II. Parameters corresponding to field dispersion of uni-
form Kittel modes in the frequency spectra of Gd-Fe samples having
thickness 20 and 100 nm, are presented.

Film Parameters obtained from fitting

thickness

(nm) O Om 8 Ms K,
®) ©) (emu/cm’) (erg/cm?)

20 21 73 2.0 127 0.9 x 10°
50 73 2.0 137 0.9 x 10°

100 21 67 2.0 152 1.6 x 10°
50 70 2.0 152 1.6 x 10°
88 86 2.0 160 1.3 x 10°

result in nonuniformity in magnetization along the thickness,
where the net magnetization at the surface is less compared
to the middle layers and hence may display weaker domain
contrast.

The bias-field dependent precessional magnetization dy-
namics for a 50-nm-thick film in the tilted and OOP configura-
tions are presented in the Supplemental Material (see Fig. 3S)
[35]. In the IP configuration the signal-to-noise ratio is poor
in the time-resolved data. The precessional data is noisy and
damps very quickly after a few tens of picoseconds, making a
precise determination of the precessional frequency from the
FFT spectra very difficult. In the tilted configuration, we are
able to identify splitting of a peak where the higher frequency
mode may have a PSSW nature. In the OOP configuration, the
picosecond precession shows a single frequency oscillation
[Fig. 3S(a)] [35]. The precessional frequencies are plotted as a

Tilted
H =2.0 kOe

(a)

H =2.2 kOe

PO

H =2.4kOe

U H =2.7 kOe

g H =3.7 kOe

Kerr rotation (arb. units)

v H =3.6 kOe

H =4.0 kOe

W‘ ‘ H =5.1kOe

0.0 0.5 1.0

Time (ns)

function of bias magnetic field magnitude. Figure 3S(b) shows
that for tilted and OOP configurations, the experimental data
points are fitted well with the Kittel formula, the extracted
values of Mg are about 130 emu/cm?, and K is about 1.15 x
103 erg/cm?, which indicates systematic development of the
OOP anisotropy. All the modes cannot be fitted with the
Kittel formula. The damping of the Kittel mode in the OOP
configuration has shown an increasing trend with decrease in
frequency [Fig. 3S(c)] [35].

B. Analyses of damping

In order to extract the decay time and Gilbert damping
of the precessional oscillations quantitatively, the sum of
multiple damped sinusoidal functions is applied [44] and
the time variation of Kerr rotation angle (Afk) can be
expressed as

A o YA TV Sin@r fit + ).

i=1

)

where A, 1, fi, ¢; are the precessional amplitude, decay time,
frequency, and initial phase of oscillation of the i mode,
and m is the mode number. This is used to fit the transient
magnetization curves if there is the clear existence of more
than one SW mode (1 < m < 3). In other cases, a single
damped sinusoidal function is applied to give a good fit to
the curves. For example, in the 20-nm-thick film, the intensity
of a low frequency mode (mode 2) observed for the tilted
configuration may not have any significant contribution to the
dephasing of the precessional amplitude of the Kittel mode
(mode 1). Thus for, both the OOP and tilted configurations

0.12 r (b) r
Bl ii\ Tilted

n-
F 0.06) %\ ]

0.03} ]
Mode 1

6 8 10
Frequency (GHz)

0.00
4

0.12 ; ;
LS oop

LN
L
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4 5
Frequency (GHz)

1.5

FIG. 4. (a) Background subtracted time-resolved Kerr rotation data and the corresponding fit with a damped sine function for d = 20 nm
in the tilted configuration. (b) The variation of effective damping with precessional frequency in the tilted and OOP configurations. The solid

lines are fits. Dotted lines are guides to the eye.
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FIG. 5. (a) Background subtracted time-resolved Kerr rotation data and corresponding fit with a damped sine function for d = 100 nm
in the tilted configuration. (b) The variation of effective damping with precessional frequency in the IP, tilted, and OOP configurations. The
solid lines are fits. Dotted lines are guides to the eye. Some of the error bars may not be visible as those are merged within the size of points

indicated in the plot.

time-resolved data are fitted with single damped sinusoidal
function [Fig. 4(a)]. We have plotted the variation of decay
time (7) with precessional frequency in order to understand
the bias magnetic field dependence of damping for this system
in Fig. 6. In the tilted and OOP configurations, the decay
time is found to be almost constant at around 0.3 ns. We
have extracted the damping of these modes from the following
expression [43]:

1
. :
Ly + 4T, /2)

®)

Qeff =

ty(H — m

Here, og is the effective damping of the system, which
consists of intrinsic and extrinsic contributions. Other param-
eters have their usual meaning. In Fig. 4(b), the variation of
damping with precessional frequency is plotted corresponding
to each field orientation. For the tilted and OOP configu-
rations, effective damping increases rapidly with decreasing
frequency and the enhancement is almost three times their
intrinsic values. Here, we believe that for f > 5 GHz, the
bias magnetic field is high enough to suppress any additional
effects present in the sample that can extrinsically modulate
the damping [44]. Thus for the tilted configuration, damping
shows a constant value for f > 5 GHz. As the saturation
magnetization for this sample is quite less (~130 emu/cm?),

the field values of about 4 kOe can be considered to be
sufficiently high.

For 100-nm-thick Gd-Fe film, time-resolved data are fitted
with a damped sinusoidal function consisting of multiple
frequencies [see Fig. 5(a)] and Eq. (7) has been exploited
to fit the precessional oscillations. The decay times for the
Kittel as well as PSSW modes for IP configuration are on
the order of 0.4 to 0.8 ns. The extracted damping values
are significantly high (a.s increased up to 0.2) [as shown in
Fig. 5(b)]. However for the tilted and OOP configurations, the
decay time of the Kittel mode has been increased from 0.5 ns
to almost 1.0 ns within the experimental frequency range. For
the first order PSSW mode in the tilted configuration, the trend
is the opposite (shown in Fig. 5) where decay time decreased
with the decrease in frequency. For the IP configuration, we
would like to mention that the decay times extracted from
the three-frequency fitting (at higher field) may contain rel-
atively large error due to nontrivial fitting conditions adopted
with multiple fitting parameters and the smaller precessional
amplitude of the higher frequency modes. Effective damping
extracted for the Kittel mode shows increasing nature with
decreasing frequency and attains a constant value at the higher
field regime.

The Gilbert damping parameter is mainly responsible for
bringing the system into an equilibrium state. The effec-
tive damping parameter depends on several extrinsic factors,
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including composition of the RE and TM in the sample.
Due to the presence of half-filled 4f shell in Gd, the direct
spin-lattice excitation is absent and the damping occurs only
through the interaction with the conduction band electrons.
Hence, the damping of the Gd sublattice is found to be
very low. Natural damping of the Fe sublattice lies in the
vicinity of o, = 0.02. In our experiments, the extracted ef-
fective damping parameters lie in the range of 0.02 to 0.15
(0.02 < aeff < 0.15) within our experimental field regime
[8,31]. As the samples are Fe rich, the higher values of damp-
ing of the Kittel mode in some field orientation indicate the
presence of an extrinsic contribution other than the intrinsic
Gilbert damping in these films. We discuss the possibilities
below.

In the low frequency regime the damping is similar for
both the films and is on the order of 0.15. As the films show
roughness below 1 nm (Table I) with no identifiable feature
or ripple in the surface, the contribution of roughness to the
higher damping values can probably be ruled out. Sometimes
the TM film with RE doping can contain specific regions
with nonuniform RE concentration. Magnetic inhomogeneity
can sometimes cause two-magnon scattering (TMS) where
the resonant FMR mode (usually k ~ 0) scatters into other
magnons having the same frequency. In the presence of mag-
netic defects, magnon momentum is not generally conserved,
and the relaxation parameter becomes strongly frequency
dependent. Thus, the TMS causes enhancement of damping
in the lower frequency regime [44,14]. Specifically, TMS is
a bulk effect and its magnitude depends on the angle of the

magnetization with respect to the IP crystallographic axis
(if any). In our experiments, we have found an increase in
the effective damping with the decrease in frequency with
its slope varying for different bias magnetic field orientation
(Figs. 4 and 5). This qualitatively indicates that extrinsic
contributions, including TMS, can be present in the damp-
ing values. The damping of the Kittel mode for the Gd-
Fe thin films is reported to be less compared to the high
values observed in our samples [23]. However, the presence
of additional higher frequency PSSW modes may open up
additional energy dissipation channels, effectively increasing
the damping values in our study. Figure 6 shows that the
decay time of the Kittel mode for the 20-nm-thick Gd-Fe
film is nearly invariant with the precessional frequency [44].
However, the situation changes for the IP and tilted config-
urations for the 100-nm-thick film, where a decrease in t of
the Kittel mode (mode 1) simultaneously takes place with the
increase in T of the PSSW mode (mode 2), with an increase
in frequency, indicating a strong correlation between the two.
This phenomenon hints that the possibility for energy transfer
from the uniform Kittel mode to the PSSW mode exists [15].
The absence of PSSW modes in the lower frequency regime is
probably due to the presence of TMS, caused by the magnetic
inhomogeneities in the film [34,45]. However, we have not
been able to isolate various contributions, including TMS, to
the observed damping in our study. The significant tunability
of damping by bias magnetic field for the Gd-Fe system
can be important for various possible applications. A higher
value of damping can suppress the unwanted ringing after a
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precessional switching. On the other hand, lower damping is
advantageous for long distance SW propagation and smaller
write-current in spin-transfer torque based magnetic random-
access memory (STT-MRAM) devices.

IV. CONCLUSIONS

A systematic investigation of ultrafast magnetization dy-
namics has been presented for Gd-Fe thin films of different
thicknesses. The demagnetization time was found to be about
300 fs for these thin films. A special emphasis has been
provided to the study of precessional magnetization dynamics
as a function of magnitude and orientation of the bias mag-
netic field. Our time-resolved results show a development of
weak OOP anisotropy with increasing film thickness, which
is complemented by static magnetization measurements. A
large tunability of effective damping of the system has been
obtained with the variation in bias magnetic field, which
could be due to extrinsic effects such as, TMS, magnetic

inhomogeneity, impurity scattering, and multimodal dephas-
ing. The presence of higher order PSSW modes along with
the uniform Kittel mode was evidenced for the 100-nm-thick
film. Intermode energy transfer between PSSW modes and
the uniform Kittel mode is found to be a possible mechanism
behind the modification of decay times for the thicker film.
The extensive study of magnetization dynamics presented
here may lead to the development of magnonic and spintronic
devices based on RE-TM thin films.
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