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The magnetic damping of Ni80Fe20 [Permalloy (Py)] thin films is studied via temperature- and frequency-
dependent ferromagnetic resonance (FMR) as a function of the Py layer thickness for two different thickness
series, Al/Py/sapphire and Al/Py/Al/sapphire, respectively. Additional magnetic and structural characteriza-
tion is done by superconducting quantum interference device magnetometry as well as x-ray reflectivity and
transmission electron microscopy. The frequency dependence of the FMR linewidth allows us to separate
the Gilbert-like contributions from non-Gilbert-like ones like two-magnon scattering (TMS) processes. The
thickness dependence allows us to separate the derived magnetic parameters such as saturation magnetization Ms,
TMS contribution �, and Gilbert damping parameter α into their respective bulk and interfacial contributions.
While the bulk contribution αbulk monotonously decreases with temperature from 0.0061(1) down to 0.0054(1)
for both samples series, the interfacial contribution αinterface shows a subsequent increase at low temperature. This
is rather pronounced for the Al/Py/sapphire series, caused by a temperature-dependent TMS contribution. For
the Al/Py/Al/sapphire series, the increase at low temperatures is much less pronounced, and a temperature-
independent TMS contribution is only found for the thinnest sample due to a wavy Py film morphology.
Correcting for the TMS contributions allows us to extract αbulk (T ) which reflects the intrinsic magnetic damping
properties of sputtered Py thin films.

DOI: 10.1103/61vn-39dq

I. INTRODUCTION

The magnetization dynamics of a ferromagnet in an ex-
ternal magnetic field can be described by the well-known
Landau-Lifshitz equation [1], which was later modified by
Gilbert [2], who introduced a phenomenological damping
parameter α. In this form, the relaxation is treated—in anal-
ogy to the situation of a viscous medium—via a term being
proportional to the velocity of its motion. However, in this
approach, contributions to the damping are neglected which
alter the size of the magnetization. A Gilbert-like damping α

gives rise to a linear increase of the linewidth in ferromagnetic
resonance (FMR) experiments as a function of microwave
frequency fMW. While Gilbert damping is often referred to as
homogeneous damping, Gilbert-like, i.e., linear-in-frequency,
damping can already contain several other linear-in-frequency
contributions, e.g., eddy current or radiative damping [3,4],
which are unavoidably present. It has been discussed in de-
tail in Ref. [5] that these can be considered small for thin
ferromagnetic films below about 20 nm. Additional Gilbert-
like contributions also arise in cases where spin pumping
into adjacent capping or spacer layers is present [6]. If all
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these contributions are absent or can be considered negligible,
the underlying mechanism for the remaining intrinsic part
of Gilbert damping is ultimately based on the dissipation of
energy via spin-orbit coupling into the lattice [7]. Following
modeling introduced by Kambersky [8,9], two different mech-
anisms can contribute: On the one hand, there is an interband
scattering mechanism which leads to a resistivitylike behavior
of α with temperature, i.e., increased electronic scattering (=
higher resistivity) leads to an increased α [8]. On the other
hand, there is the intraband scattering mechanism associated
with the breathing Fermi surface model, which leads to a
conductivitylike behavior of α, i.e., α increases upon reduced
electronic scattering [9]. If both mechanisms are present at the
same time, this leads to higher Gilbert damping at very low
and at elevated temperatures and eventually a local minimum
at intermediate temperatures, depending on the respective
magnitude of the two contributions. Both contributions can
also be modeled using a single scattering rate leading to the
contributions from the breathing Fermi surface (due to intra-
band scattering) for the conductivitylike contributions and the
bubbling Fermi surface (due to interband scattering) for the re-
sistivitylike contributions, respectively [10]. The temperature
dependence α(T ) of the Gilbert damping has experimentally
been observed or verified in several metallic thin ferromag-
netic films, see, e.g., Ref. [11] for a comprehensive discussion
of the existing literature and experimental evidence for the
presence of a conductivitylike contribution in epitaxial Fe.

Before intrinsic Gilbert(-like) damping can be studied ex-
perimentally, one must make sure that all non-Gilbert-like
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contributions are absent. One relevant mechanism is given
by two-magnon scattering (TMS) processes, which lead to
a nonlinear frequency dependence of the FMR linewidth
[12,13]. Such two-magnon processes can only be studied
using broadband FMR because they lead to a character-
istic nonlinear frequency dependence at lower frequencies,
which saturates at higher fMW [12] or even decreases [13].
For example, it was recently demonstrated for thin films of
Ni80Fe20 [Permalloy (Py)] that oxidic cap layers induce two-
magnon processes which are present only at low temperatures
[14]. Another mechanism of activating TMS contributions
to the overall magnetic damping are wavy interfaces which
can be induced by the islandlike growth of Al spacer lay-
ers between Py and an oxidic substrate like sapphire which
are essentially temperature independent [15]. While these
TMS processes unavoidably contribute to the overall magnetic
damping, they must be subtracted from the frequency depen-
dence of the FMR linewidth to obtain the remaining intrinsic
Gilbert damping parameter and its temperature dependence.
A final step in the analysis of the Gilbert damping is its
dependence on the thickness of the thin ferromagnetic film,
which allows us to separate the bulk and interface contribu-
tions to the damping. Such a separation has been reported
for Py thin films studied by temperature-dependent broadband
FMR in Ref. [16]. However, in that work, the frequency
range was limited to 15 GHz, which is below the frequency
where TMS processes become evident; for Py, this is typically
around 15–20 GHz, see Refs. [14,15]. Therefore, eventual
TMS contributions might have been overlooked in Ref. [16],
and the reported α(T ) behavior may be different from the
intrinsic one.

Here, we report on a systematic study of the tempera-
ture and frequency dependence of the FMR linewidth of two
thickness series, Al/Py/sapphire and Al/Py/Al/sapphire, re-
spectively. Al spacer layers between Py and sapphire have
been reported to be beneficial for reducing the overall FMR
linewidth; however, the thickness of the Al spacer layer must
be below 3 nm to suppress unwanted TMS contributions [15].
For both sample series, only the thickness of the Py layer
d has been varied from 3.4 nm up to 37.1 nm. It is the
aim of this work to separate the magnetic properties of Py
into their bulk and interface contributions and their respective
temperature dependencies. Ideally, the interface contribution
scales linearly with 1/d , whereas the bulk contributes with
a constant proportion. Via the frequency dependence of the
FMR linewidth, the magnetic damping can be separated into
Gilbert-like and non-Gilbert-like contributions, the former
being linear in frequency, the latter being mostly TMS con-
tributions for the Al/Py/sapphire sample series, which are
nonlinear in frequency and only present at low temperatures.
In the Al/Py/Al/sapphire sample series, the TMS contribution
is only observed for the thinnest Py film and is temperature
independent. It is attributed to a wavy microstructure of the
Py film similar to the observations in Ref. [15]. Removing the
interface and/or TMS contributions from the FMR linewidth,
the remaining bulk contribution to the Gilbert-like damping
αbulk can be considered the intrinsic properties of magnetron-
sputtered Py thin films, and its temperature dependence is
found to be exclusively resistivitylike, i.e., no increase of
αbulk toward lower temperature is observed. Instead, αbulk (T )

monotonously decreases from 0.0061(1) at 295 K down to
0.0054(1) at 10 K, being constant below 100 K. In contrast,
conductivitylike Gilbert damping behavior is only observed
in the interfacial contribution αinterface(T ).

II. EXPERIMENTAL DETAILS

The Al-capped (Al/Py/sapphire) and sandwiched
(Al/Py/Al/sapphire) Py thin films were grown by magnetron
sputtering at ambient temperature on epi-ready c-plane
sapphire [Al2O3 (0001)] substrates in an ultrahigh vacuum
system with a base pressure of 2 × 10−9 mbar. The working
pressure was 4 × 10−3 mbar for both Al and Py using 10 sccm
Ar and a sputter power of 20 W, respectively. The growth
rates of 5.3 ± 0.2 nm/min for Py and Al were monitored
using a quartz crystal microbalance (QCM). Throughout
this work, the nominal thickness of the Al cap was set to
5 nm, and the nominal thickness of the Al spacer was set to
2 nm, which was found to be the optimum thickness [15].
The thickness of the Py layer was varied from nominally
5 nm up to 50 nm. The actual thickness was determined by
x-ray reflectivity (XRR) and partially cross-checked using
transmission electron microscopy (TEM), which yielded a
thickness range from 3.4 to 37.1 nm for the Py layer. The
structural characterization by XRR was done with a parallel
beam of Cu Kα radiation (Rigaku SmartLab). XRR data
were modeled using the SmartLab Studio II software from
Rigaku; model stacks were systematically varied, and various
slightly altered initial configurations were tested to assure the
robustness of the resulting fit parameters.

Standard magnetic characterization was carried out us-
ing a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design, MPMS XL-5). The external
magnetic field was applied in the film plane to record the
easy-axis M(H ) curves of Py at room temperature. From
these, the saturation magnetization Ms and coercive field Hc

were determined. To record the very low Hc of Py, the su-
perconducting magnet must be reset before the measurement,
and magnetic fields larger than 10 mT must be avoided to
limit the unwanted residual offset field to around 0.1 mT
(so-called flux trapping, see Ref. [17]). As a consequence, Hc

cannot be determined with an accuracy better than 0.1 mT,
and for all samples under investigation, Hc remained below
0.2 mT [see inset of Fig. 1(b)]. Here, Ms is derived by linearly
extrapolating the measured m(H ) behavior to zero field, see
inset of Fig. 1(b), which leads to an uncertainty of the derived
magnetic moment m of less than a percent. For conversion
of m(H ) into M(H ), the sample volume is needed which
is derived from the thickness of the Py as determined via
XRR/TEM, resulting in an uncertainty of typically 2%. The
sample area was determined via an optical microscope, which
causes an additional uncertainty of 1%. Thus, the resulting
accuracy of the Ms values derived by SQUID is at best 3%.

The cross-sectional TEM specimen preparation was done
by in situ liftout using a Helios 5 CX focused ion beam
(FIB) device (Thermo Fisher). To protect the sample sur-
face, a carbon cap layer was deposited beginning with
electron-beam-assisted and subsequently followed by Ga-
FIB-assisted precursor decomposition. Afterward, the TEM
lamella was prepared using a 30 keV Ga-FIB with adapted
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FIG. 1. (a) XRR measurements for the 37.1- and 3.4-nm-thick
Al/Py/Al/sapphire sample together with a fit using the sketched
stack. (b) SQUID M(H ) measurements in in-plane geometry at
300 K for all samples under investigation. The inset exemplarily
shows the thinnest (open stars) and thickest (full stars) samples
without a spacer. A linear fit to the Ms vs 1/d data allows us to extract
the bulk value of Ms of Py; the thinnest sample with an Al spacer was
excluded from the analysis, see text.

currents. Its transfer to a three-post copper liftout grid (Om-
niprobe) was done with an EasyLift EX nanomanipulator
(Thermo Fisher). To minimize sidewall damage, Ga ions
with only 5 keV energy were used for final thinning of
the TEM lamella to electron transparency. Prior to TEM
analysis, the specimen mounted in a high-visibility low-
background holder was placed for 10 s into a Model 1020
Plasma Cleaner (Fischione) to remove potential contami-
nation. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) imaging and spectrum
imaging analysis based on energy-dispersive x-ray spec-
troscopy (EDXS) were performed at 200 kV with a Talos
F200X microscope equipped with a Super-X EDX detector
system (FEI). Line-by-line intensities of the EDXS elemental
distribution maps were computed to obtain element intensity
profiles across the sample stack, as described in greater detail
in Ref. [15].

Temperature-dependent broadband FMR measurements
were carried out using the NanOsc Cryo-FMR40 setup with
a microwave frequency fMW in the range of 2–40 GHz. The
sample was placed on a coplanar waveguide assembly with a
fixed polar angle of θH = 90◦ (in-plane), and the transmitted
microwave power was detected by a diode. The static external
magnetic field μ0Hext as well as the temperature control is
provided by a Quantum Design PPMS system. The FMR
spectra are recorded at a fixed microwave frequency as a
function of the external field, which is changed step by step;
the step size is chosen such that at least 12 field points are
recorded across the given linewidth. A pair of Helmholtz
coils supplies an external alternating magnetic field for lock-in
detection, and the field modulation amplitude is kept below
the step size of the external field and thus well below the actual
linewidth. Therefore, the resonance line is not distorted by
undersampling and remains purely of Lorentzian shape, see
FMR spectra, Fig. 2(a). The individual FMR spectra are fitted
with a Lorentzian derivative, which allows us to extract the
resonance field Hres as well as the FMR linewidth �H . Note
that, throughout this work, �H , which refers to the full width
at half maximum, is mostly converted to the peak-to-peak
linewidth �Hpp; the relation is �Hpp = �H/

√
3.

In a typical FMR experiment, the so-called Kittel plots,
i.e., fMW as a function of μ0Hres, are collected at selected
temperatures. These datasets can be fitted with the following
resonance equation for θH = 90◦ (in-plane):(

2π fMW

γ

)2

=
(

μ0Hres + μ0Meff + 2K2‖
Ms

)

×
(

μ0Hres + 2K2‖
Ms

)
. (1)

Here, γ is the gyromagnetic ratio, which is related to the g fac-
tor by γ = gμB/h̄, where μB is the Bohr magneton, and h̄ is
the reduced Planck constant. Also, Hres denotes the resonance
field extracted from the individual FMR spectra, K2‖ is the
in-plane uniaxial anisotropy, and μ0Meff = μ0Ms − 2K2⊥/Ms

is the effective magnetization, where K2⊥ is the out-of-plane
uniaxial anisotropy. In the ideal case of Py where no crys-
talline anisotropy should be present, K2‖ and K2⊥ should be
zero, and thus, μ0Meff should be equal to μ0Ms; this has
already been verified for the 14.7-nm-thick samples of the
present series in Ref. [15].

A second set of data, which is more central to the present
study, can be derived from the frequency dependence of the
FMR linewidth �Hpp. These data can be fitted using the
following equation:

�Hpp = 4πα√
3γ

fMW + δμ0K2‖

∣∣∣∣ ∂Hres

∂ (μ0K2‖)

∣∣∣∣ + �HTMS. (2)

Here, α is the Gilbert damping parameter. Deviations from the
linear behavior of �H ( fMW) indicate additional contributions
to the FMR linewidth such as TMS processes (�HTMS), which
typically exhibit a nonlinear frequency dependence at lower
frequencies, which becomes almost constant at higher fMW

[12] or even decreases [13], which leads to a characteristic
kink in �H ( fMW) around 15–20 GHz. Throughout this study,
it was sufficient to model the TMS processes with a simpli-
fied Mills model with the explicit correlation function of the
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scattering centers, i.e., magnetic roughness (of any kind) is not
explicitly considered; instead, a single parameter �H is used

�HTMS = �H arcsin

√√√√(
[ω2 + (ω0/2)2]1/2 − ω0/2

[ω2 + (ω0/2)2]1/2 + ω0/2

)
(3)

Here, ω0 = −γ 4πMeff and 2πω = fMW, and the fieldlike
parameter �H can be converted into a scattering rate � by
multiplying with the gyromagnetic ratio. This model is suffi-
cient to satisfyingly fit the measured �Hpp( f ) dependencies,
see also Ref. [15] for the 14.7 nm sample pair of this study.
An additional FMR linewidth broadening due to sample in-
homogeneity is factored in by considering a spread (variation
over the sample) of the in-plane uniaxial anisotropy (δK2‖).
Note, that the mosaicity δμ0Meff can also contribute to the
FMR linewidth, but throughout this work, no evidence for
this contribution has been found. It is common that mosaicity
contributions are often not considered separately, see, e.g.,
Refs. [11,14,16]; instead, a simplified version of Eq. (2) is
used

�H = �H0 + 4πα

γ
fMW. (4)

Here, the Gilbert damping parameter α is nominally identical
to Eq. (2), and the inhomogeneous contribution to the FMR
linewidth is put into a frequency-independent offset �H0.
Since HTMS is not included, there is the danger that, for slight
deviations from the linear dependence of �H ( fMW), the TMS
contribution is overlooked, especially if the fMW range is lim-
ited to below 15–20 GHz and only Eq. (4) is used for fitting,
which artificially increases the extracted values for α and/or
�H0; this will become more evident during the discussion of
the data further below.

To separate bulk and interface contributions of magnetic
parameters such as the damping constant α, one can follow
a simple model assumption which is very common in experi-
mental works like Refs. [16,18] and confirmed by theory [19]

α = αbulk + αinterface

d
. (5)

The thickness series of the Py films contains samples with
nominally 5, 7, 10, 15, 20, and 50 nm, which correspond to
actual thicknesses of 3.4, 4.7, 7.0, 11.1, 14.7, and 37.1 nm
(±0.5 nm), as determined by XRR for all samples, which
was confirmed by TEM except for the nominally 10- and
15-nm-thick samples. This thickness series allows us to sep-
arate all extracted magnetic parameters into their formal bulk
and interface contributions by analyzing them when plotted
against 1/d . The range of Py film thicknesses is limited by
the detection limit of the Cryo-FMR for thinner samples and
by the penetration depth of the microwave for thicker sam-
ples, the latter leading to non-Lorentzian FMR line shapes
for thicker Py films. Note that the discrepancy between the
nominal thickness as determined by the growth rate via QCM
and the actual one is systematic and not present for the non-
magnetic Al cap/spacer layers (and others, not shown) despite
that the proper values were used for density and tooling factor
for the QCM. We tentatively ascribe that to a magnetostatic
interaction between the magnet assembly of the magnetron

used for sputtering and the deposited ferromagnetic film. It
is noteworthy that extracted bulk and interface contributions
differ significantly if the nominal thicknesses are used.

III. EXPERIMENTAL RESULTS

A. Structural and basic magnetic characterization

Figure 1(a) shows the XRR measurements of the 3.4-nm-
thick (squares) and 37.1-nm-thick (circles) Py films of the
Al/Py/Al/sapphire series together with the respective fits. The
fit parameters are visualized by the two schematic stacks;
more details about this visualization can be found in Ref. [15],
where an identical procedure has already been used. Most
importantly, the interface between Py and Al cap and spacer
are not ideal and must be modeled not only by roughness
but also by an interfacial layer with a density which was
allowed to vary between those of Al and Py. This is nec-
essary to account for some degree of waviness, which was
already discussed for the 14.7 nm film in Ref. [15] and will
be evidenced more directly by TEM further below, where it is
especially pronounced for the 3.4 nm film, see Fig. 4(b). The
relatively strong suppression of the XRR oscillations for the
3.4-nm-thick film together with the somewhat limited quality
of the fit already indicates that the thinnest Al/Py/Al/sapphire
sample has the lowest structural perfection of the entire series.
It should be noted that, in general, the quality of the XRR
data and respective fits of the Al/Py/sapphire sample series are
higher (not shown) due to the well-defined interface between
Py and sapphire, see Ref. [15] for the 14.7 nm film. Therefore,
the actual thickness was derived from this series, and it is
assumed that the respective thickness of the sample from the
Al/Py/Al/sapphire series, which was always grown right after
the one from the Al/Py/sapphire series, is identical; this avoids
an additional uncertainty due to the Py/Al interfacial layer,
where it is difficult to assess which fraction of the interfacial
layer must be counted toward the effective Py thickness and
which contributes to the Al spacer layer.

Figure 1(b) summarizes the findings of the standard mag-
netic characterization using SQUID magnetometry. The inset
exemplarily shows two M(H ) curves recorded at 300 K in
in-plane orientation of the thickest (full stars) and thinnest
(open stars) Al/Py/sapphire samples, respectively. It is clearly
visible that Ms of the thinnest sample is reduced compared
with the thickest one. Plotting Ms of the Al/Py/sapphire (open
squares) and Al/Py/Al/sapphire (half full circles) series vs
inverse Py thickness dPy, a rather linear behavior is observed
for both series except the thinnest Al/Py/Al/sapphire sample,
which is excluded from further analysis (see below). Both se-
ries consistently yield a bulk contribution to Ms of 788(8) and
782(18) kA/m, which are both within experimental accuracy,
in agreement with the established value for Py of 790 kA/m.
The interfacial contribution is a reduction of Ms, presumably
due to slight intermixing with the adjacent Al layer(s), and
thus, it is slightly more pronounced for the Al/Py/Al/sapphire
series. This slight reduction has already been discussed on the
basis of the 14.7-nm-thick sample pair in Ref. [15]. In sum-
mary, both sample series consist of structurally smooth and
well-defined Py layers with the expected basic properties as
far as a characterization using XRR and SQUID is concerned.
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FIG. 2. (a) FMR spectra at 40 GHz for 295 K (orange circles)
and 10 K (violet pentagons) of the thickest (left) and second-thinnest
(right) Al/Py/Al/sapphire samples with Py thicknesses of 37.1 nm
(left) and 4.7 nm (right) together with the respective fits using a
Lorentzian derivative (lines). Full frequency dependence of the fitted
linewidth �H ( f ) of the respective (b) thick and (c) thin samples of
(a) for selected temperatures as measured by Cryo-FMR. The insets
in (b) and (c) show the full temperature dependence α(T ) for the
thickest and second-thinnest samples, respectively.

Only the thinnest Al/Py/Al/sapphire sample is structurally less
ideal in that regard.

B. Magnetic damping

Figure 2 exemplarily summarizes the characteriza-
tion of the second-thinnest and thickest samples of the
Al/Py/Al/sapphire series using Cryo-FMR; the thinnest sam-
ple, which was already excluded from the SQUID analysis
will be discussed separately further below. Figure 2(a) com-
pares the FMR spectra recorded at 295 K (orange circles)
and 10 K (violet pentagons) for the thickest (left) and
second-thinnest (right) samples at 40 GHz, i.e., at the ex-
perimental conditions with the lowest signal-to-noise ratio.
In all cases, the line shape is a clear Lorentzian derivative
with the onset of a slight asymmetry for the thickest sample
at low temperatures due to the finite microwave penetra-

tion depth; the symbols correspond to the experimental data,
while lines are the respective fits using a complex Lorentzian
derivative as implemented in the NanOsc software of the
Cryo-FMR. From the fits, both Hres and �H are extracted;
in the following, we will exclusively focus on the FMR
linewidth since the magnetic parameters derived by the Kittel
fit according to Eq. (1) only yield Meff consistent with the
findings of the SQUID [20], a negligible in-plane uniaxial
anisotropy K2‖, and a comparably slight reduction of g with
temperature, as already discussed for the 14.7 nm pair of
samples in Ref. [15].

Figures 2(b) and 2(c) show the frequency dependence
of the FMR linewidth �H ( fMW) at 295 K, 75 K (cyan
diamonds), and 10 K of the 37.1 and 4.7 nm samples, respec-
tively. A linear behavior of all �H ( fMW) curves is observed
demonstrating purely Gilbert-like behavior described by Eqs.
(2) and (4), i.e., the absence of any significant contribution
from �HTMS. From the slope, the temperature dependence
of the Gilbert damping parameter α(T ) can be derived as
shown in the insets of Figs. 2(b) and 2(c); arrows indicate
the data points derived from the displayed data; and typical
error bars are smaller than the symbol size. For both samples,
a decrease of α with temperature is observed down to 75 K
followed by an increase of α at low temperatures, which is
more pronounced in the 4.7-nm-thick sample (c); also, the
overall α(T ) is larger for the thinner sample.

So far, the 3.4 nm Al/Py/Al/sapphire sample has been ex-
cluded from the discussion. Figure 3(a) shows the frequency
dependence of the peak-to-peak linewidth �Hpp( fMW) for the
thinnest sample at 295 K. A slight curvature of the data is
visible; therefore, the FMR linewidth must be modeled us-
ing Eq. (2), i.e., including a finite �HTMS contribution; the
best fit in this case yields a two-magnon contribution of � =
0.55 GHz, a Gilbert damping α = 0.0092, and a negligible
mosaicity contribution. For comparison, a fit using Eq. (4)
is shown (dashed gray line), where the TMS contribution
is neglected. This fit yields α = 0.0109, thus an apparently
increased Gilbert damping; however, deviations between fit
and experimental data are clearly visible. This comparative
analysis using either equation has been performed for all
temperatures, and Fig. 3(b) summarizes the findings. The fit
using Eq. (4), i.e., not removing the TMS contribution to
the linewidth, yields a systematically higher α(T ), as shown
in the inset (gray triangles). Likewise, the inhomogeneous
contribution �H0 is finite, between 1 and 1.5 mT with a weak
temperature dependence. In contrast, the more appropriate
fit using Eq. (2) demonstrates that the true Gilbert damping
parameter (red circles) is significantly lower, and the inho-
mogeneous contribution (due to mosaicity, black squares) is
negligible. Instead, there is a finite, temperature-independent
TMS contribution (green stars) to the FMR linewidth of � =
0.55(5) GHz. The temperature independence of � indicates
a structural origin, as discussed in Ref. [15]; therefore, this
sample was subject to an in-depth structural and composi-
tional analysis using STEM, which will be compared with
the thickest sample of the Al/Py/Al/sapphire series in the
following; the 14.7 nm sample was already discussed in detail
in Ref. [15].

Figure 4 summarizes the STEM analysis of the
Al/Py/Al/sapphire samples with Py thicknesses of (a) 37.1 nm
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FIG. 3. (a) Frequency dependence of the fitted linewidth
�Hpp( fMW ) of the thinnest Al/Py/Al/sapphire with a Py thickness
of 3.4 nm recoded at 295 K (orange circles). The black solid line
is a fit including different contributions to the FMR linewidth; the
gray dashed line is a fit only considering homogeneous and inhomo-
geneous broadening, see text. (b) Inhomogeneous broadening �H0

(black triangles) as a function of temperature in comparison with the
contribution to the FMR linewidth from mosaicity (black squares)
and TMS (green stars); the inset shows the reduction of the α(T )
behavior upon subtracting the TMS contribution; see text for details.

and (b) 3.4 nm. In addition to some remaining diffraction
contrast, the HAADF-STEM images in Fig. 4 are dominated
by atomic-number contrast. Therefore, the Py film can be
easily distinguished from the Al cap and sapphire substrate.
EDXS-based spectrum imaging analysis of the marked region
results in the element distribution maps of O, Al, Fe, and Ni,
and the corresponding elemental line profile intensities are
computed as described in more detail in Ref. [15]. Figure 4
only shows the superimposed O/Al and Ni/Fe maps, which
allow us to separate the Py film from the (partially oxidized)
Al cap and the Al spacer from the substrate. Because after
TEM specimen preparation the lamella was briefly exposed to
ambient conditions, its side walls became slightly oxidized,
which explains the finite oxygen signal across the Py film.
Note that the slightly tilted plateau of the profiles, especially
visible for the thick Py film in Fig. 4(a), indicates that the side
walls of the TEM lamella are not perfectly parallel. Rather,
the TEM lamella is slightly thicker toward the substrate.

(a)

(b)

FIG. 4. HAADF-STEM images of the Al/Py/Al/sapphire sam-
ples with Py thicknesses of (a) 37.1 nm and (b) 3.4 nm and overlay
of the corresponding element distribution maps of Fe/Ni and Al/O
together with the extracted line-intensity profiles for all elements.
The regions of the element analyses are marked by purple boxes;
note the different scale bars in (a) and (b).

The thickest Py film of the Al/Py/Al/sapphire series
presented in Fig. 4(a) shows a rather homogeneous
appearance of the Py film with well-defined interfaces.
Toward the Al spacer, Al is visible without the presence of
oxygen, and the transition to Ni/Fe appears rather abrupt,
although it is known that the Al spacer layer grows in an
islandlike mode [15]. The interface to the Al cap is less abrupt,
mostly due to the polycrystalline growth of the Py layer,
which results in a slightly wavy surface. The Al cap itself is
oxidized from the top, but Py is prevented from oxidation. In
contrast, the 3.4 nm Py film in Fig. 4(b) clearly has a wavy
appearance in the HAADF-STEM image. The interfaces are
both less defined, and in the intensity profiles, Al is found
almost across the entire Py film range; however, this is mostly
due to the islandlike growth of the Al spacer and not due to
chemical intermixing on the atomic scale. These observations
have been made for four different regions of the TEM lamella;
therefore, Fig. 4(b) is representative for the entire sample. In
contrast, the 3.4 nm Py film without an Al spacer layer has
a well-defined, abrupt interface to the sapphire, and the Py
film itself appears smooth without any similar waviness (not
shown). Therefore, the waviness of the 3.4 nm Py film with
an Al spacer can readily explain the temperature-independent
TMS contribution to the FMR linewidth, as seen in Fig. 3; its
magnitude of only 0.5 GHz is smaller than the TMS
contribution of 2.4 GHz for the 14.7 nm Py film with a thicker
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Al spacer in Ref. [15]. Obviously, this thin sample is right at
the border of developing a sizable TMS contribution, which is
already absent for the 4.7-nm-thick Py shown in Fig. 2(c). It
may also contribute to the more pronounced reduction of Ms

seen in Fig. 1(c) via slightly increased chemical intermixing
visible in the two-dimensional (2D) element distribution
maps. This also leads to a larger uncertainty in deriving
the proper net thickness of the Py since, for this film, the
two wavy interfaces dominate across the largest part of the
thickness, while the structurally undisturbed inner part is
relatively narrow. This has been verified by a comparable
TEM analysis conducted on the 4.7 nm pair of samples where
the fraction of the film being not wavy is clearly increased
(not shown), which coincides with the absence of any evident
TMS contribution for the sample with an Al spacer. However,
in the Al/Py/sapphire sample series, a different kind of TMS
contribution is found which was already briefly mentioned in
Ref. [14].

Figure 5 shows the peak-to-peak FMR linewidth �Hpp

as a function of microwave frequency fMW for the thinnest
Al/Py/sapphire sample at (a) 295 K and (b) 15 K. At 295 K,
there is no obvious deviation from a purely linear Gilbert-like
behavior of the magnetic damping. Consequently, the FMR
linewidth can be fitted best without a TMS contribution, a
negligible mosaicity of K2‖, and a Gilbert α of 0.0101. In
contrast, at 15 K, there is a visible deviation from the linear
behavior, and accordingly, the best fit yields a TMS contri-
bution of � = 1.53 GHz, a small mosaicity contribution, and
α = 0.0095. However, if the TMS contribution is forced to be
zero, this results in an apparent increase of α to about 0.014,
which is similar to the sample with an Al spacer in Fig. 3. The
TMS contribution in the sample series without an Al spacer is
obviously temperature dependent, and its size has been fitted
for the entire thickness series at all temperatures. Figure 5(c)
exemplarily shows α as a function of the inverse Py thickness
at 295 K (orange squares) and 15 K (blue pentagons), where
for the latter, the TMS contribution has been fitted separately
as well as ignoring the TMS contribution at 15 K and only
fitting a Gilbert-like behavior (gray triangles). Both datasets
are linear in 1/d , indicating bulk and interface contributions;
however, while the bulk contribution is identical within exper-
imental error, the interface contribution is halved. In turn, the
artificially increased α, for cases where the TMS contribution
is disregarded (or experimentally overlooked due to a too
narrow available frequency range of the instrument), becomes
less severe the thicker the Py film is. Note that the second
gray triangle from the left corresponds to the 14.7 nm sample
which hase already been discussed in our previous work [15].
The changes in α with and without correcting for the TMS
are small but still visible. It is therefore obvious that one must
fit the TMS contribution separately to obtain the pure Gilbert
damping parameter α.

Summarizing this part, in the two sample series, two dif-
ferent kinds of TMS contributions have been identified: (i)
In the Al/Py/Al/sapphire series, the increased waviness of
the thinnest Py film (3.4 nm) leads to a small, temperature-
independent TMS contribution; all other samples behave
purely Gilbert-like; and (ii) in the Al/Py/sapphire series, all
samples have a temperature-dependent TMS contribution,
which is zero at elevated temperatures but increases at low

FIG. 5. Frequency dependence of the fitted linewidth
�Hpp( fMW ) of Al/Py/sapphire with a Py thickness of 3.4 nm
recorded at (a) 295 K (orange squares) and (b) 15 K (violet
pentagons). The black solid lines are fits including different
contributions to the FMR linewidth; in (b), the gray dashed line is a
fit only considering homogeneous and inhomogeneous broadening,
see text. (c) Resulting dependence of the fitted α at 295 K (orange
squares) and 15 K (blue pentagons) vs inverse Py thickness; the
resulting bulk and interface contributions are provided. Gray
triangles show the 15 K α(1/d ) data without removing the TMS
contribution, see text.

temperatures; it is most prominent for the thinnest sam-
ple. The latter contribution will be briefly discussed in the
following.

C. Bulk and interface contributions to the damping

The inset of Fig. 6(a) shows the fitted TMS contribu-
tion � as a function of the inverse Py thickness at 295 K
(orange squares) and 15 K (blue pentagons) for the entire
Al/Py/sapphire series. While there is no sizable TMS contri-
bution at 295 K, a clear TMS contribution is seen at 15 K
which is linear in 1/d , suggesting that it can be split into bulk
and interface contributions according to Eq. (5). A linear fit
yields a negligible bulk contribution, i.e., the TMS contribu-
tion is an interfacial effect. Comparable fits have been made
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FIG. 6. The inset of (a) shows the TMS contribution of the entire
Al/Py/sapphire sample series as a function of inverse Py thickness
at 15 K (violet pentagons) and 295 K (orange squares). (a) shows
the resulting full temperature dependence of the interface (green
stars) and bulk (green squares) contributions to the TMS parameter
�. (b) Full temperature dependence of the interfacial contribution
αinterface of the Al/Py/Al/sapphire (red circles) and Al/Py/sapphire
(black squares) sample series after removing the TMS contribution
to the FMR linewidth. In addition, the interfacial TMS contribution
�interface (green stars) is compared with the inhomogeneous broaden-
ing without TMS removal (gray triangles).

for all temperatures, and Fig. 6(a) compiles the temperature
dependence of the bulk (green squares) and interface (green
stars) contributions of � as a function of temperature. The
bulk contribution is negligible at all temperatures, while a
sizable interface contribution starts to set in below 100 K,
and it steeply increases down to 10 K. Note that, at 10 K,
especially for the thinner samples, the signal-to-noise ratio
of the FMR spectra becomes rather low (due to the overall
increased linewidth for these samples) so that, for the lowest
temperature, the quality of the fit and the linear behavior in
1/d are not as good, which results in a larger uncertainty of the
fitted parameters, particularly for the interface contribution.
The microscopic origin of this interfacial TMS contribution
has already been discussed in terms of Py being in contact
with the oxidic substrate [14], leading to a potential slight oxi-
dation of Py. However, attempts to verify this hypothesis in the
course of the detailed TEM investigation failed so far, mostly
due to the sidewall oxidation of the TEM lamella during

transfer, which makes it difficult to identify additional oxygen
right at the interface next to the oxidic substrate. Nonetheless,
the temperature dependence of the interfacial contribution
to � may be useful for authors of further studies to
unambiguously identify the microscopic origin of the (un-
wanted) TMS contribution. At present, it can only be stated
that it can be efficiently suppressed by a thin Al spacer on
the expense of potential waviness, resulting again in TMS
contributions in cases where the Py layer is very thin, see
Fig. 5, or if the Al spacer is too thick, see Ref. [15].

Figure 6(b) compiles the full temperature dependence
of the interfacial contribution to the Gilbert-like damp-
ing αinterface(T ). This has been derived from the slope of
the α(1/d ) dependencies, as shown in Fig. 5(c) for the
Al/Py/sapphire thickness series [yielding the open black
squares in Fig. 6(b)] as well as the Al/Py/Al/sapphire series
shown in Fig. 7(a) [yielding the half-full red circles in Fig.
6(b)]. Here, the TMS contribution has been subtracted from
the overall FMR linewidth. For comparison, the apparent
interfacial contribution for the Al/Py/sapphire series without
removing the TMS contribution is shown (open triangles),
which can be compared with the interfacial contribution of the
TMS �interface (green stars), which has been scaled to fit the
uncorrected αinterface. It can be nicely seen that the functional
behavior of both is rather similar, which in turn suggests
that the Gilbert-like interfacial contribution is, within the er-
ror margins, temperature independent. However, it should be
noted that the separation of the two components αinterface and
�interface(T ) from a single set of data leads to an increased un-
certainty of the derived values so that the apparent maximum
of αinterface(T ) around 25–50 K is experimentally not signifi-
cant. Despite these limitations, the overall αinterface(T ) for the
Al/Py/sapphire series is higher for all temperatures than the
Al/Py/Al/sapphire series, i.e., the presence of an Py/sapphire
interface is disadvantageous in two ways: It leads to an addi-
tional TMS contributions at low temperatures, and in addition,
it increases the pure Gilbert-like interfacial contribution to the
overall damping. In contrast, the presence of two Py/Al in-
terfaces, i.e., the Al/Py/Al/sapphire series, underlines that this
interface allows a low interfacial contribution to the overall
damping, which is initially decreasing with temperature with
a minimum around 75 K, below which it slightly increases
again. Note that, if one considers the two Al/Py interfaces
as equivalent, one could even separate the contributions of a
single Al/Py interface by halving the αinterface(T ) contribution
of the Al/Py/Al/sapphire series. Likewise, the Py/sapphire in-
terface is derived by subtracting the halved contribution from
αinterface(T ) from the Al/Py/sapphire series. This leaves the
overall temperature dependence unchanged but makes the lo-
cal maximum for the Py/sapphire interface more pronounced;
however, the detailed XRR and TEM analysis is not very
supportive of two equivalent Al/Py interfaces because the
waviness of the two interfaces is not identical, see also the
in-depth analysis in Ref. [15].

Figure 7(a) exemplarily shows the α(1/d ) dependence for
the Al/Py/Al/sapphire series at 295 K (half orange circles)
and 10 K (half violet pentagons). In addition, for the thinnest
sample of 3.4 nm thickness, α is shown without subtracting
the TMS contribution (half triangles), see also Fig. 3(a). It is
clearly visible that, without subtracting the TMS contribution,
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FIG. 7. (a) Dependence of α of the entire Al/Py/Al/sapphire sam-
ple series as a function of inverse Py thickness at 295 K (orange
circles) and 10 K (violet pentagons) together with the resulting bulk
and interface contributions to the Gilbert damping. The triangles
marked by a gray circle indicate the α for the thinnest sample
when the TMS contribution is not subtracted. (b) Full temperature
dependence of the bulk contribution αbulk of the Al/Py/Al/sapphire
(red circles) and Al/Py/sapphire (black squares) sample series after
removing all TMS contributions to the FMR linewidth. In addition,
the Al/Py/sapphire series is shown without prior removal of the TMS
contribution (gray triangles).

the functional behavior of α(1/d ) is not linear, whereas after
the removal of the TMS contributions, all data points can be
nicely fitted by a line. It is noteworthy that, if the data are not
corrected for the TMS contribution, not only the interfacial
contribution is artificially increased, but also the resulting bulk
contribution is reduced; this should be kept in mind when
comparing the results of this work with earlier ones, e.g., in
fig. 2(c) of Ref. [16], it is visible that α for the thinnest sample
lies higher than derived from the extrapolated linear behavior
of the remaining thicker films. Since in Ref. [16] the frequency
range was limited to 15 GHz, any kind of similar TMS contri-
bution in this sample may go undetected because the visible
deviation for an apparently linear behavior of �H ( fMW) can
only be seen if the FMR linewidth is studied up to at least
25 GHz, see Fig. 3(a). This may readily explain deviations in

the derived numerical values for the interface and particularly
the bulk contribution to α.

Finally, Fig. 7(b) compiles the full temperature depen-
dence of bulk contribution to the Gilbert-like damping
αbulk (T ) for the Al/Py/sapphire (open black squares) and
Al/Py/Al/sapphire (half red circles) thickness series. Again,
for comparison, also the Al/Py/sapphire series is shown with-
out removing the TMS contribution (open gray triangles). As
already visible for the data at 15 K in Fig. 5(c), the bulk contri-
butions with and without removing the TMS contributions at
lower temperatures are identical within error bars for all tem-
peratures. This underlines the fact that, for this sample series,
the TMS contribution is a purely interfacial effect, corroborat-
ing the �(1/d ) behavior in Fig. 6(a). In addition, the extracted
αbulk (T ) of the Al/Py/Al/sapphire series is, within experimen-
tal accuracy, identical to the one of the Al/Py/sapphire series.
Therefore, the functional behavior of αbulk (T ) can be taken
as the intrinsic property of magnetron-sputtered Py, which is
only modified by interfacial contributions due to the adjacent
material and/or additional TMS contributions due to wavy
interfaces or interfaces to oxidic substrates. This is in some
regard remarkable since αbulk (T ) monotonously drops with
decreasing temperature and plateaus below 100 K.

IV. DISCUSSION

In a first step, the magnitude of αbulk (T ) shall be dis-
cussed. At 295 K, αbulk = 0.0061(1), while it drops to αbulk =
0.0054(1) at 10 K. These values are larger than the findings in
Ref. [16], where αbulk (T ) is reported to be between 0.0055(5)
at 300 K and 0.0048(4) at 10 K; however, these findings may
be explained by the experimental limitations of that early
study, as discussed above. Nonetheless, the functional be-
havior, i.e., the monotonic drop with decreasing temperature
down to a plateaulike behavior below 100 K, is identical. One
can thus consider these two findings to be consistent and thus
representative for the bulk contribution of sputtered Py thin
films, disregarding the different interfacial contributions. Note
that we are not aware of any other comparable study where
both temperature and thickness dependence have been studied
by broadband FMR for Py thin films.

In a second step, the functional behavior of αbulk (T ) shall
be discussed. It closely resembles a resistivitylike behavior
which has been associated with electronic interband scatter-
ing processes, see, e.g., the discussion in Ref. [11]. In that
work, epitaxial (uncapped) Fe films on different substrates
but at fixed Fe thickness have been investigated, and both
conductivitylike and resistivitylike contributions have been
found. In the present case, in contrast with Ref. [11] but
in agreement with Ref. [16], no conductivitylike behavior
can be observed for αbulk in sputtered Py, suggesting the
absence of intraband scattering events. However, the separate
modeling of the interband processes in Ref. [10] suggests
a monotonically decreasing contribution, while the experi-
mental data exhibit a plateaulike behavior. Therefore, the
conductivitylike/intraband mechanism can only be taken as
small compared with the resistivitylike/interband processes
in polycrystalline Py film in comparison with the crystalline
sample studied, e.g., in Ref. [11]. A clear conductivitylike
contribution, i.e., an increase toward low temperatures, is
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only seen in the interfacial contribution, where αinterface(T )
increases at low temperatures, forming a local minimum in
αinterface(T ), as predicted by the combination of both re-
laxation processes [10]. However, for Al/Py/sapphire, this
increase at low T is not necessarily due to intraband scattering
mechanisms since this interfacial contribution is dominated
by the TMS contribution which is not due to electronic but
magnonic scattering events. Only in the Al/Py/Al/sapphire
series may a small conductivitylike contribution be seen.
However, compared with the temperature variation of the
resistivitylike contribution, it is much less pronounced than
reported for the Fe films in Ref. [11], where this contribution
gives rise to the largest variation of α with temperature. In
turn, the result in Fig. 7(b) supports theoretical predictions
that, in pure metals (realized here as bulk contribution of a
polycrystalline Py film), intraband scattering, i.e., conductiv-
itylike damping is absent [21]. Alternatively, the influence of
polycrystallinity of the Py films in the present case may lead
to a rather efficient suppression of the intraband/breathing
Fermi surface/conductivitylike contribution compared with
crystalline samples. Apparently, the separation in terms of
bulk and interface contributions to the Gilbert-like damping
for polycrystalline films in the present study as well as in Ref.
[16] suggests that we reconsider the underlying microscopic
mechanisms for modeling the magnetic damping in terms of
the bulk vs interfacial character of conductivitylike vs resistiv-
itylike contributions to the magnetic damping as a function of
temperature. In addition, a refined modeling of the interfacial
TMS contributions is needed to account for the two rather
different behaviors in terms of temperature dependence, as
shown in Fig. 3(b) for the wavy interface and Fig. 6(a) for the
contact with an oxidic substrate, denoted by the green stars,
respectively.

V. SUMMARY

The magnetic damping in Al/Py/sapphire and Al/Py/Al
/sapphire sample series was systematically investigated as a
function of Py layer thickness using broadband FMR in the
temperature range between 10 and 295 K. The full set of data
allows us to separate the Gilbert-like damping α from con-
tributions of TMS processes to the FMR linewidth. Further,
both contributions could be separated into bulk and interface
contributions and their respective temperature dependencies.
Two kinds of TMS contributions have been identified: (i) a

temperature-independent TMS contribution induced for the
3.4-nm-thick Py film of the Al/Py/Al/sapphire series having
a wavy appearance induced by the islandlike growth of the
Al spacer layer, as observed before in thicker Py layers on
thicker Al spacer layers [15], and (ii) a TMS contribution
of purely interfacial character in the Al/Py/sapphire series
induced by the direct contact of Py with the oxidic sub-
strate, which is absent above 50 K and increases at lower
temperatures; such a contribution has been reported before
for several Py films in proximity to different kinds of oxidic
layers [14]. Once these TMS contributions are removed from
the FMR linewidth, the remaining Gilbert-like damping can
be separated into bulk and interface contributions and their re-
spective temperature dependencies. While the Al/Py/sapphire
interfaces result in a slightly increased interface contribution
with no significant temperature dependence, the Al/Py/Al in-
terfaces exhibit an interfacial contribution which is smaller at
all temperatures and shows a local minimum at 75 K with a
slight increase below as well as above 75 K, being indica-
tive of both conductivitylike and resistivitylike behavior. In
contrast, the bulk contribution αbulk (T ) is virtually identical
for both sample series, and no increase at low temperatures
can be observed, i.e., the bulk contribution of α of Py is only
of resistivitylike character. Here, αbulk (T ) for sputtered Py
ranges from 0.0061(1) at 295 K down to 0.0054(1) at 10 K.
Since all other contributions from interfaces including TMS
processes have been considered separately, these findings
can be taken as the intrinsic magnetic damping of sputtered
Py thin films.
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