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Gilbert damping in NiFeGd compounds: Ferromagnetic resonance versus
time-resolved spectroscopy
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Engineering the magnetic properties (Gilbert damping, saturation magnetization, exchange stiffness, and
magnetic anisotropy) of multicomponent magnetic compounds plays a key role in fundamental magnetism
and its applications. Here, we perform a systematic study of (Nig;Fe;9)100—,Gd, films with x = 0%, 5%, 9%,
and 13% using ferromagnetic resonance (FMR), element-specific time-resolved x-ray magnetic resonance, and
femtosecond time-resolved magneto-optical pump-probe techniques. The comparative analysis of field and
time domain FMR methods, with complimentary information extracted from the dynamics of high-frequency
exchange magnons in ferromagnetic thin films, is used to investigate the dependence of Gilbert damping on the

Gd concentration.
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I. INTRODUCTION

Ferromagnetic resonance (FMR) spectroscopy is a power-
ful method for the characterization of magnetic properties in
ferromagnetic films and multilayers [1-3]. It is sensitive to the
effective magnetization originating from an interplay of the
shape anisotropy and perpendicular anisotropy, which usually
oppose each other [1,2,4]. Aside from magnetic anisotropy,
FMR allows us to derive the spectroscopic splitting g factor,
representing the admixture of the orbital contribution to the
total magnetic moment [2,5] and the magnetic relaxation
[1,2]. Recording spin wave higher harmonics by the resonance
absorption provides a quantitative estimate of the magnetic
exchange stiffness [6,7]. Nowadays, there is a plethora of
methods for the detection of resonant magnetization dynam-
ics in ferromagnetic thin-film systems. Among them, pump-
probe techniques with laser pulse or electrical field (pump)
excitation and optical or x-ray light (probe) detection play
a significant role in the characterization of magnetic dy-
namical properties in thin-film heterostructures [7-10]. These
techniques provide possibilities to detect high-frequency (up
to terahertz) magnetization precession and element-selective
magnetization dynamics if a synchrotron light is used [10].
The stroboscopic methods show very good agreement with
conventional cavity-based FMR spectrometry in determin-
ing the resonance frequencies and fields [8,11]. This is not
surprising since the Landau-Lifshitz-Gilbert (LLG) equation
describes phenomenologically the magnetization dynamics
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regardless of the excitation method. The LLG equation can
be written as [1]

dM o
—— = —yuo[M X Hegr] + — | M X

dMi| )
dt M, ’

dr

where y = gup/h is the absolute value of the electron gy-
romagnetic ratio, g is the spectroscopic splitting factor, 7 is
the Planck constant, wp is the Bohr magneton, and M; is the
saturation magnetization. The first term in Eq. (1) describes
the precession of the magnetization in the effective mag-
netic field Hcg, which includes the external magnetic field,
the demagnetizing field, the magnetocrystalline anisotropy
field, and the excitation field. The second term represents
the “damping torque” proportional to the magnetization pre-
cession rate (viscous damping). The dimensionless Gilbert
damping parameter is denoted by « [1,2].

The magnetic damping parameter o can be determined
from the frequency dependence of the FMR linewidth using
conventional FMR techniques [1,2,12]. Time-resolved meth-
ods, implying pump-probe techniques, usually record the evo-
Iution of the magnetization vector projection after excitation
by an ultrashort laser pulse. Thus, time-resolved measure-
ments provide the decay time t or the relaxation frequency,
i.e., the rate at which the precessing magnetization returns
to its equilibrium position. In the case of a homogeneous
excitation (uniform FMR mode) and o <« 1 (underdamped
oscillator), the precessional dynamics is described by the
following equation:

¢(t) = o exp(—1/7) sin(wt + ¢o), )
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where the parameter ¢ (¢) is proportional to the angle between
the magnetization vector and its equilibrium direction, t is the
characteristic decay time of the magnetization precession, and
f = w/2m is the FMR precessional frequency. The oscillation
amplitude ¢y and phase ¢, usually serve as free parameters
[13,14]. The experimentally determined relaxation time t
usually incorporates the inhomogeneous dephasing of FMR
oscillators in the investigated sample, resulting in a larger
effective Gilbert damping o > «.

In thin ferromagnetic films both the relaxation rate 1/t
and the resonance frequency w depend on the amplitude and
orientation of the external magnetic field H. For the magnetic
field perpendicular to the film plane the relationship between
o and 7 is given by [1,2]

1/T = defrw = oegry pho(H — Megr), 3)
with w = y uo(H — M.g) and the effective magnetization

2K
Mer = My — ——, @
I’LOMS
where K, accounts for the perpendicular magnetic
anisotropy. The relationship for an in-plane magnetic field

Mg\ 2 Mg
I/ = aeff\/wz + (mTeﬁ> = Oleffl/,uo(H + ;ﬁ) 6))
is obtained using the Kittel expression for the FMR frequency
in the parallel configuration:

w =y poyHH + Mesr). (6)

Thus, the amplitude and orientation of the external magnetic
field play a crucial role for extracting the effective Gilbert
damping parameter o, from the frequency dependence of the
relaxation rate 1/7(w).

However, there exists a gap between conventional FMR
measurements [1,2] and the dynamic measurements moni-
toring the complex spatiotemporal transients in ferromagnets
induced by ultrashort laser pulses [7-9]. Apart from the
general scientific interest in the understanding of ultrafast
magnetization dynamics in generic ferromagnetic materials
at femtosecond to nanosecond timescales, the particular class
of antiferromagnetically coupled rare-earth-transition-metal
(RE-TM) alloys deserves special attention. In particular, we
refer to the discovery of the phenomenon of ultrafast all-
optical magnetization switching in ferrimagnetic RE-TM al-
loys driven by both ultrashort circularly polarized laser pulses
[15] and purely thermal stimuli not assisted by the transfer
of the angular momentum from excitation pulses [16,17].
Although the microscopic mechanism responsible for the
magnetic switching in RE-TM alloys is still being intensively
debated [18], it has been agreed that a necessary condition for
the all-optical switching is the presence of two antiferromag-
netically coupled magnetic sublattices, which demagnetize
on noticeably different timescales after laser-induced heating.
It has been shown experimentally that in the amorphous
ferrimagnetic GdFeCo alloy the characteristic demagnetizing
time for the Fe moment is by a factor of 4 shorter than that for
the Gd magnetic moments [16]. This difference is attributed to
different magnetic moments (2.4up for Fe versus 7.9 up for
Gd). The scaling of the demagnetization time with the atomic

magnetic moment indicates that the dominant demagnetiza-
tion process is the thermal noise from the Langevin dynamics
[16-21].

Irrespective of the microscopic origin of the nonequilib-
rium ultrafast demagnetization process, it is expected to be
linked to Gilbert damping « [19,20]. Moreover, in the case of
the film thickness exceeding the optical skin depth, the spa-
tially inhomogeneous demagnetization and changes in local
magnetocrystalline anisotropy [8] trigger the precessional dy-
namics of spatially homogeneous (FMR) and inhomogeneous
standing spin wave modes denoted as exchange magnons
throughout this paper.

Using a series of Gd-doped permalloy (Nig;Fe9) films,
we report a comprehensive study of their magnetic properties
extracted from conventional FMR measurements and strobo-
scopic techniques, namely, time-resolved x-ray resonant mag-
netic scattering (TR-XRMS) [22-25] and the time-resolved
magneto-optical Kerr effect (TR-MOKE) [7,8]. The system-
atic study of Gd-doped permalloy (Py) samples with different
Gd concentrations (0, 5, 9, and 13 at %) allows us to compare
the accuracy of the values of the intrinsic magnetic damping
parameter «, derived using different experimental techniques.
The possible contribution of sample imperfections (quality of
interfaces and roughness) to the magnetic relaxation, known
as a local resonance [26], will be discussed. Furthermore,
the Gilbert damping parameter « extracted from the decay
time of exchange magnons provides a qualitatively similar
dependence on the Gd concentration.

II. EXPERIMENTAL METHODS

Py 00_,Gd, films were grown using magnetron sputter
deposition with a base pressure of 3 x 10~ mbar. Permal-
loy samples with varying Gd concentration were grown at
room temperature by cosputtering Nig;Fejg and Gd at an
Ar gas pressure of 1.5 x 1073 mbar. Sapphire (Al,O3) a-
plane substrates covered by a 5-nm-thick Ta adhesion layer
were used for the sample preparation. Prior to Py and Gd
sputtering, a 50-nm-thick Cu layer was deposited on top
of Ta. The Cu layer serves as a conductor for electrical
current pulses in TR-XRMS experiments described elsewhere
[22-24,27,28]. All samples were capped by a 5-nm-thick
Ta layer for protection against oxidation. All Py,,_,Gd,
layers have a total thickness of about 50 nm. The sam-
ples have the following layer sequence and composition:
Al,O3 (substrate)/Ta/Cu/Py,q,_,Gdy/Ta, where x = 0%, (5
+ 1%, (9 £ 1)% and (13 &+ 1)%. The concentration of Gd
dopants was calculated from sputtering rates of Py and Gd;
error bars are determined by uncertainties in the growth rates.
The Py deposition rate of 0.1 nm/s at an Ar gas pressure
of 1.5 x 1073 mbar was fixed for all samples. Gd deposition
rates of 0.014, 0.026, and 0.039 nm/s were used to achieve
5,9, and 13 at % of Gd concentration in Py, respectively.
The deposition rates for Py and Gd were checked prior to
preparation of each sample using a calibrated quartz thickness
monitor. During the growth the sample holder was rotated at
1 Hz to ensure homogeneity of the films. All samples were
grown under a magnetic field of about 200 mT applied parallel
to the substrate plane. The growth under the static bias field
resulted in a small in-plane uniaxial magnetic anisotropy of

104412-2



GILBERT DAMPING IN NiFeGd COMPOUNDS: ...

PHYSICAL REVIEW B 99, 104412 (2019)

approximately 0.3 mT for all magnetic films. This induced
uniaxial anisotropy helped to maintain Py films in a mag-
netically homogeneous state at small magnetic fields for the
TR-XRMS measurements.

Structural quality of the samples was characterized by x-
ray diffraction (XRD) using a Cu K,, radiation source. The
FMR spectra were recorded using a conventional Bruker X-
band FMR spectrometer operated at a microwave frequency of
9.46 GHz. For the frequency-dependent FMR measurements,
a semirigid microwave cable short-circuited at its end was
used [29]. These measurements were performed by sweep-
ing the external magnetic field applied parallel to the film
plane at different microwave frequencies, ranging from 2 to
26 GHz.

Element-specific magnetization dynamics of Fe and Gd
sublattices in Py,,,_,Gd, layers were measured by the TR-
XRMS using the ALICE end station [22] at beamline UES6-
2 at the BESSY II synchrotron radiation facility of the
Helmbholtz Zentrum Berlin. The time evolution of the trans-
verse magnetization in thin ferromagnetic films after step-
field pulse excitation is recorded with element selectivity at
the Fe L3 and Gd Ms edges. The step-field excitation is
performed by applying electrical pulses to the bottom Cu
layer lithographically shaped to a7 x 0.35 mm? stripline. Fast
rise-time current pulses are delivered from a pulse generator
and fed through the stripline, resulting in a pulsed Oersted
field H,, perpendicular to the stripline (and current) direction.
Electrical pulses (rise time of 0.35 ns, pulse width of 10 ns)
are synchronized with the x-ray photon bunches, which have a
50-ps pulse width. Time delay scans were measured using an
external bias magnetic field in the range uoHp = 0.8-2.4 mT
applied parallel to the stripline direction.

Femtosecond time-resolved measurements of the magneto-
optical Kerr effect (TR-MOKE) were performed using p-
polarized 150-fs laser pulses with a repetition rate of 260 kHz
and central wavelengths of 800 nm for the probe beam and
400 nm for the pump beam. Both pump and probe pulses were
applied from the film side with the angles of incidence of 55°
and 45° and 200- and 100-um spot sizes, respectively. The
incident pump laser fluence was about 2 mJ/cm?. The pump
beam was modulated with an acousto-optical modulator at a
frequency of 50 kHz, and the pump-induced changes in the
MOKE rotation were recorded as a function of the pump-
probe delay using a Wollaston prism, a balanced silicon pho-
todiode, and a lock-in amplifier. In the case of the p-polarized
probe pulse, such a detection scheme allows us to measure
the appearance of the in-phase s-polarized wave (MOKE
rotation, ;) and the out-of-phase s-polarized wave (MOKE
ellipticity, v¥¢), proportional to the polar and longitudinal
magnetization components. Since for the studied samples both
MOKE rotation and ellipticity provide similar results, we
will focus on the analysis of the MOKE rotation signals. An
external magnetic field parallel to the plane of incidence with
a magnitude of approximately 0.3 T was applied using a per-
manent magnet mounted on the rotation stage. It allowed us
to change the angle between the film surface and the external
magnetic field. Samples were cut into pieces of 3 x 3 and 4 x
4 mm? for the FMR and TR-MOKE measurements, respec-
tively. All measurements were performed at room temperature
(RD).

Al,O, (substrate)

\ NiFe

‘NiFe

1074 (111)

x=9%

x=13%

Intensity (arb. units)

20 30 40 50 60 70 80 90 100
20 (deg)

FIG. 1. XRD scans for Al,Os (substrate)/Ta/Cu/Py,,_,Gd,/Ta
samples with x = 0%, 5%, 9%, and 13% (from top to bottom).
Scans are shifted vertically for better visibility.

III. EXPERIMENTAL RESULTS AND DISCUSSION

X-ray diffractograms of Py,,_,Gd, samples are shown
in Fig. 1. Both the (111) and (222) peaks are present in the
spectra for undoped Py and for PyysGds films, indicating a
well-defined (111)-textured fcc structure. The XRD spectra
of Pyy,Gdg and Pyg,Gd,3 samples show a rapid reduction of
the (111) peak intensity with increasing Gd concentration and
no peak at the (222) position. This indicates a strong loss of
crystallinity in Pyq,Gdg and Pyg,Gd;3 samples, leading to a
polycrystalline or partially amorphous structure. The (110)
and (220) reflections of the Ta-buffer layer including some
Laue oscillations, which overlap the sapphire substrate peaks,
are also visible.

A. Ferromagnetic resonance

Figure 2(a) shows the frequency dependence of the FMR-
resonance field in the in-plane geometry for all samples. Films
with larger Gd concentration exhibit larger resonance fields at
identical frequencies due to the reduced anisotropy field. The
latter is reduced primarily because the doping of transition-
metal (TM) films by rare-earth (RE) elements like Gd, Tb,
Dy, and Ho leads to a noticeable reduction in the saturation
magnetization [30-34]. This leads to reduced M. as listed
in Table I. The effective magnetization M. and the g factor
were determined from the fit [red solid lines in Fig. 2(a)] to
the experimental data points using Eq. (6).

The FMR linewidth characterizes the relaxation of the
magnetization and usually has two contributions. The first
one is the extrinsic frequency-independent contribution due
to magnetic inhomogeneities resulting from sample imperfec-
tions and causing deviations in the internal magnetic fields (lo-
cal resonance) [1,2,26]. The second one is the intrinsic contri-
bution due to viscous damping, which is linearly proportional
to the resonance frequency. The inhomogeneity contribution
and the intrinsic contribution to the linewidth can be separated
from the frequency dependence of the peak-to-peak linewidth
AH,, [Fig. 2(b)] using the equation [1,2,12]

AH, — AHy + a7 7
pp — 0+WT» ( )

3y
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FIG. 2. Frequency dependence of the FMR (a) resonance field
and (b) peak-to-peak linewidth at the magnetic field applied parallel
to the Py, ,_,Gd, film plane for different concentrations of Gd. Solid
lines represent the fit.

where AH, is the term responsible for the inhomogeneous
broadening. Extrapolating the linear fit in Fig. 2(b) to zero
frequency, one finds that AH, is small and about 0.5 mT
for all samples. We note, however, that at f = 1 GHz the
inhomogeneous contribution is almost half of the AH,,. The
damping parameters «, determined from the fit in Fig. 2(b),
are listed in Table I. The samples with a Gd concentration
above 5% show a noticeable enhancement of «, which is
almost twice as large in Pyg,Gd;3 as in the Py sample. This is
in line with the previously reported studies, which revealed an
increase in the damping parameter by approximately a factor
of 2 for x = 10% [31-34].

B. Time-resolved x-ray resonant magnetic scattering

TR-XRMS time-delay scans measured at RT for
Py, 09_,Gd, films are shown in Fig. 3(a). Circles represent the

TABLE 1. Values of the effective magnetization M., spectro-
scopic g factor, and dimensionless magnetic damping parameters
a obtained from FMR for Py,,,_,Gd, systems with different Gd
concentrations x. The decay times Ty and Ty, in Py o,_,Gd, alloys
have been calculated from FMR data and determined from TR-
XRMS experiments, respectively.

X poMe (T) a (107

0 0.76 £0.01 2.10£0.02

g factor Teale (NS)  Texp (MS)

99+0.1 1.4+£0.1 1.05%£0.12

5 0.61£0.01 2.14+0.02 9.6+0.1 1.8+0.1 1.14+0.12
9 0.38+£0.01 2.17£0.02 11.8+0.1 23+£0.1 1.6+£0.15
13 0.20+0.01 2.22£0.02 182+0.1 2.8+0.1 24+04

104

@ (deg)

-
(&)

—Gd (fit) |
\ o Py91Gd9 —eo—Fe I
0.0 frees? —Fe (fit) T

K 2 3 4 5
Delay time (ns)

XRMS signal (normalized)

FIG. 3. (a) Precessional angle ¢(¢) of Fe magnetic moments as
a function of the delay time after the step-pulse field excitation in
Py 00_,Gd, thin films with x = 5%, 9%, and 13% (from top to
bottom). (b) Free precession of Fe (blue solid circles) and Gd (red
open circles) atoms in the Py, Gdy film. The value of the applied
bias field for all scans is poHp = 0.8 mT. The solid lines represent
the fit. All measurements are taken at room temperature.

magnetization precession of Fe magnetic moments, measured
at the Fe L3 absorption edge. All scans were recorded with
an external magnetic bias field of uoHg = 0.8 mT applied
in the film plane. The damped precessional oscillation of Fe
moments is clearly seen. The precessional dynamics can be
described by a solution of the LLG equation in a spherical
coordinate system [23,25]:

@) = ¢1 + poexp(—t/7) sin(wt + ¢o), ®

where ¢(¢) is the in-plane angle between the magnetization
and the initial state parallel to the stripline axis and ¢, is the
steady-state equilibrium magnetization angle after the step-
field pulse excitation (rise time of 0.35 ns, pulse width of
10 ns, amplitude ~0.1 mT). In Fig. 3(a) the precessional angle
¢(¢) as a function of the delay time between probing photon
bunches and the excitation field is plotted. The steady-state
equilibrium magnetization angles ¢; were obtained from the
additional calibration measurements, as described elsewhere
[23,25]. One can see in Fig. 3(a) that for larger x the relaxation
time of magnetization precession to its new equilibrium state
increases. The comparison of the decay times for all samples
is presented in Table I: the decay time .y, determined by the
TR-XRMS becomes larger by a factor of 2 for Pyg;Gd;3 com-
pared to the undoped Py. At the same time o obtained from
the FMR experiments increases with Gd doping (see Table I).
This counterintuitive simultaneous increase of relaxation time
and Gilbert damping is explained by a significant decrease of
Mg upon Gd doping, as seen from the FMR measurements;
see Eq. (5) for clarity.
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We have also calculated the decay time 7., for all samples,
using Eq. (5) with « taken from FMR data (see Table I). The
calculated values are 50% larger than the ones determined
by the TR-XRMS measurements (T, in Table I), implying
that the effective damping a.g probed by the TR-XRMS is
larger than the intrinsic damping parameter « determined
from FMR. This mismatch can be assigned to the inhomo-
geneous broadening (quantified by AH, in the FMR experi-
ment), which is not taken into account in the model for the
time-resolved measurements. The frequency of magnetization
precession measured at the bias field of puoHg = 0.8 mT is
below 1 GHz. According to Fig. 2(b), the inhomogeneous
contribution to the magnetic relaxation at this frequency is
almost 50%. Irrespective of the quantitative discrepancy be-
tween Teyxp and Teqic, the increase in relaxation time with the Gd
concentration is evident in the set of calculated values .

In Fig. 3(b) we compare the free precession of Fe and
Gd magnetic moments in Pyq;Gdg recorded at RT for woHp
= 0.8 mT. Here, all data points are normalized to the x-ray
intensity at the delay time, which corresponds to steady-state
magnetization equilibrium [at a delay time above 5 ns in
Fig. 3(b)]. One can see that within the instrumental sensitivity
limit and timescale accuracy the time delay scans detected at
the Fe L; and Gd Ms edges coincide. Bearing in mind that
magnetic moments of two magnetic sublattices are collinear
and antiparallel in the magnetization equilibrium state, the
match of delay scans in Fig. 3(b) indicates that the Fe and
Gd magnetic moments precess in phase and with the same
cone opening angle; that is, these antiferromagnetically cou-
pled magnetic moments precess collinearly. The fits of the
experimental data provide an identical exponential decay time
of 1.6 ns. The observed collinear precession of the antifer-
romagnetically coupled sublattices at a timescale larger than
0.1 ns is expected since the noncollinear precession governed
by the exchange would occur at much shorter timescales
corresponding to terahertz frequencies [35].

C. Time-resolved MOKE

Figure 4 presents variations of the MOKE rotation signal
measured on undoped Py (x = 0) for different angles of the
external magnetic field with respect to the normal to the film
surface. The effective magnetic field, acting on the magnetiza-
tion, is a sum of the external magnetic field, the demagnetizing
field, and the anisotropy field. At a negative pump-probe delay
the magnetization is aligned parallel to the effective magnetic
field. After the absorption of the pump pulse, the magnetic
film heats up, which leads to the reduction of the magne-
tization and anisotropy fields, thereby altering the direction
of the effective field and driving the precessional motion of
the magnetization [8]. Fourier spectra of the transient MOKE
signals, shown in Fig. 5, reveal excitation of the homogeneous
precession of the magnetization (uniform FMR mode) and the
first two nonuniform spin wave modes. The TR-MOKE data
obtained for other samples look similar and demonstrate that
the magnon frequencies decrease and become closer to each
other with increasing Gd concentration x.

For a more detailed analysis, the experimental data were
fitted with a sum of an incoherent background, reproduced
according to the phenomenological model [36], and decaying

(@)l © experimental data
i —— incoherent background

(arb. units)
=)

’

W
[6)]

Wy (arb. units)
-10 -5 0 5 10

15 - I |'_

MOKE rotation

Angle 6 (deg.)
o
|

0 400 800
Pump-probe delay ¢ (ps)

1200

FIG. 4. Variations of the MOKE rotation signal v () measured
on the Py sample for 40° between the normal to the film surface
and the external magnetic field. The fit was performed using Eq. (9)
as a fit function. (b) Two-dimensional image of the variations of
the MOKE rotation signal ¥ () measured on the same sample as
in (a) for different pump-probe delays and angles 6 between the
external magnetic field and the normal to the film surface.

cosine functions:

V() = ale—f/ffl +a(1 — et/ )e—f/ffz

N
+ Z mpe™ ™ cos2m fot + @), 9

n=0

where t;; and t;; are the time constants characterizing the
incoherent background and 7,, f;,, and ¢, are the lifetime,
frequency, and initial phase of the magnon mode n. According
to the Fourier spectra (see Fig. 5), we have to consider only the
first three lowest spin wave modes (n = 0, 1, 2). Inspecting
Figs. 4(b) and 5, one can recognize how the magnon fre-
quencies change with the angle between the external magnetic
field and the normal to the film surface. The presence of three
magnon modes allows us to determine the exchange stiffness
D (see Table II) as described in Refs. [7,8]. The experimental
value of the exchange stiffness for an undoped Py film D =

295 £30 meV 10\2, which corresponds to D = a’D = (1.0 +

0.1) x 107" J/m (a® = 44.7 A’ is the unit cell volume of
cubic NigFej9), is in a good agreement with literature values
[37,38]. The exchange stiffness decreases with the increase in
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FIG. 5. Fourier spectra of the MOKE rotation measured on Py
for different angles 6 between the surface normal and the external
magnetic field. Solid lines depict the magnon frequencies obtained
in the fitting procedure of the measured MOKE signals with the sum
of the decaying cosine functions [see Fig 4(a)].

Gd concentration, presumably due to an increase in impurity
amounts and partial loss of crystallinity according to the XRD
data [38].

In order to extract the dimensionless damping parameter
oeff, Wwe need to analyze the dependence of the magnon
relaxation rate 1/t on the magnon frequency w, presented
in Fig. 6. The experimental data corresponding to the zeroth
and first magnon modes dictate linear proportionality be-
tween the damping rate and the magnon frequency, while the

TABLE II. Values of the effective magnetization M., the spec-
troscopic g factor obtained from the FMR, the dimensionless effec-
tive damping parameter o, the lifetime of the fundamental magnon
mode 7y, and the exchange stiffness D obtained from TR-MOKE
measurements on Py,,,_ Gd, systems with different Gd concentra-
tions x.

(a) Py (b) Py:Gd-5%
M,=0.76 T T Mz=061T
5 a,,=0.014 a,,=0.016

———+———+
(c) Py:Gd-9%
i M,=0.38 T

+ ———t———
(d) Py:Gd-13%

T Mz=02T

a,,=0.029

X oM (T) g ae(x1073)  79(ns) D (meV A?)
0 0.76 2.1 14+1 0.8+0.1 295 £+ 30
5 0.61 2.14 161 0.77 £0.10 171 £ 17
9 0.38 2.17 19+2 0.85+0.15 184 + 18

13 0.2 2.22 29+3 0.75+0.20 106 + 10

sk 0,70.019

Damping rate 1/t (ns™)
o

20 0 10
Frequency f(GHz)

FIG. 6. Dots represent the magnon frequencies and the damping
rates obtained for Al,O; (substrate)/Ta/Cu/Py,,_,Gd,/Ta struc-
tures with different Gd dopings of (a) 0%, (b) 5%, (c) 9%, and
(d) 13% in the fitting procedure of the measured MOKE signals
with the sum of the decaying cosine functions. Different colors
and dot types correspond to different magnon modes: n = 0, blue
circles; 1, green triangles; 2, red squares. Black solid lines are the
results of the modeling using the LLG equation with an adjustable
dimensionless damping parameter «. Solid red and black dashed
lines demonstrate dependencies of the damping rate on the magnon
frequency, calculated using depicted values of M. and o, in the
2D and 3D cases, respectively.

second magnon mode exhibits a rather nonlinear dependence.
However, for all magnon modes the fitting procedure revealed
systematically smaller lifetimes 7y (see Table II) compared to
the FMR data. The fit has been performed using numerical
simulations to solve the LLG equation for the zeroth and first
magnon modes and corresponding orientation of the applied
magnetic field with respect to the film normal.

It should be noted that the obtained numerical solutions
of the LLG equations in Fig. 6 are bound by two limiting
cases: collinear geometry with parallel in-plane magnetization
and magnetic field described by Eq. (5) (marked as 2D in
Fig. 6) and noncollinear geometry with the magnetization and
magnetic field possessing out-of-plane components described
by Eq. (3) (marked as 3D in Fig. 6). All curves merge together
at high frequencies.

The extracted values of the Gilbert damping parameter
aefr slightly depend on the applied model. Thus, to extract
the dimensionless damping parameter o, we reproduced the
data corresponding to the FMR and the first nonuniform spin
wave mode, using the numerical solution of the LLG equation
(see Fig. 6). As the main result, the modeling of the observed
dynamics using the LLG equation yields ~1.6 times larger
values for the parameter .. The dependence of « on the
Gd doping appears to be consistent with the results of the
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FMR measurements. We attribute the difference between the
FMR and TR-MOKE measurements to the transient heating
of ferromagnetic samples with the pump pulse, which leads
to shorter lifetimes of the FMR precession, as evidenced
by pump-fluence-dependent TR-MOKE measurements on
permalloy thin films [39]. The possibility to measure precisely
the damping of exchange magnons suggests that experiments
for thinner samples, characterized by larger frequencies of
exchange magnons, would allow experimental determination
of the Gilbert damping over the extended frequency range.

IV. CONCLUSIONS

Using different ferromagnetic resonance techniques and
probe frequencies, conventional FMR (2-26 GHz), TR-
MOKE (6-23 GHz), and TR-XRMS (1 GHz), we have char-
acterized the magnetic properties and magnetic relaxation in
Py 00_Gd, films with Gd concentration x = 0%, 5%, 9%,
and 13%. All methods reveal the increase in the g factor and
decrease in the effective magnetization at larger Gd concentra-
tions (Table I). The latter is the result of the antiferromagnetic
coupling between Fe (Ni) and Gd magnetic moments. The
antiferromagnetically coupled magnetic sublattices exhibit
collinear precession (ferromagnetic mode [40,41]) at about
1-GHz frequency and room temperature. The increase in
the Gd concentration stimulates the loss of crystallinity and
decrease in the magnetic exchange stiffness as obtained from
the TR-MOKE (see Table II).

All methods reveal an increase in the magnetic damp-
ing parameter in Py,q,_,Gd, films with an increase in the
Gd concentration (see Tables I and II). However, for the
whole sample series the stroboscopic techniques (TR-XRMS
and TR-MOKE) show larger (approximately 50%) effective
damping o compared to the intrinsic damping o derived
from conventional FMR measurements. Contributions from
the nonlinear effects due to larger precessional angles are

unlikely in our single-pulse pump-probe methods, as has been
proven in previous experimental studies [42,43]. The TR-
XRMS study was performed at small magnetic fields and low
resonance frequencies, where inhomogeneous contributions
are significant. Thus, the sample inhomogeneity is predom-
inantly the reason of the larger effective damping deduced
from the TR-XRMS.

Spatially uniform (n = 0) and nonuniform (n = 1) magnon
modes recorded using the TR-MOKE provide identical effec-
tive relaxation rates in all samples. Their ~50% larger values
compared to the FMR measurements are consistent with the
pump-induced increase of the Gilbert damping parameter
[39]. However, the impact of transient temperature gradients
after the applied ultrashort (pump) laser pulses as well as
nonlinear effects and magnon-magnon coupling on the damp-
ing parameter cannot be disentangled in our experiments. To
summarize, pump-probe methods are proven to be useful in
the determination of the qualitative dependence of Gilbert
damping on the Gd concentration in complex magnetic alloys.
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