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Magnetic damping within Ni80Fe20 (Permalloy, Py) thin films is studied via temperature- and
frequency-dependent ferromagnetic resonance (FMR) experiments. While the Py thickness is kept
constant at 20 nm, the environment at the film interfaces was systematically varied by fabricating
a set of Py thin films grown on widely used substrates and capped with common layers, which are
assumed to be suitable to prevent oxidation. The resulting frequency- and temperature-dependence
of the FMR linewidth significantly deviates from the expected Gilbert-like behavior and especially
for oxidic interfaces unwanted non-Gilbert-like contributions to the magnetic damping appear, in
particular at low temperatures. In contrast, metallic capping layers avoid non-Gilbert like contri-
butions. In particular, Py sandwiched in-between Al metallic capping and buffer layers exhibits
negligible inhomogeneous FMR linewidth broadening and a very small, purely Gilbert-like contri-
bution of α = 0.0066(2) down to the lowest temperature.

I. INTRODUCTION

The understanding of magnetic damping in ferromag-
netic materials is of high importance from a fundamen-
tal point of view [1] since it dictates the magnetization
dynamics. It is also one of the most crucial material’s
parameters for various new concepts of magnetic [2, 3]
and magnonic [4] devices, such as, e. g., magnonic crys-
tals with spectral filtering [5] or magnetoplasmonic crys-
tals [6], which all rely on low magnetic damping and
its tunability [7] to ultimately achieve the goals as laid
out in the Magnonics Roadmap [8] and the Roadmap
of Spin-Wave Computing [9]. For quantifying the mag-
netic damping the phenomenological Gilbert damping
parameter α [10] in the Landau-Lifshitz equation [11]
is the central quantity although it is well-established
that other, non-Gilbert-like damping mechanisms can be
at work as well, see e. g., [12]. Until today a funda-
mental understanding of all relevant microscopic mech-
anisms contributing to the magnetic relaxation is lack-
ing, despite significant progress in elucidating a range
of contributing mechanisms. From the experimental
point of view it was a major progress that the tech-
nique for frequency-dependent measurements of the fer-
romagnetic resonance (FMR) became available over a
wide frequency range. This allows for identifying dif-
ferent types of magnetic damping via the characteristic
frequency-dependence of the FMR linewidth. In par-
ticular, this concerns the so-called inhomogeneous (fre-
quency independent) broadening, the Gilbert(-like) ho-
mogeneous broadening (linear in frequency), and non-
Gilbert-like (nonlinear in frequency) contributions like
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two-magnon scattering processes [13]. Broadband FMR
techniques were recently combined with temperature-
dependent sample environments [14, 15]. This enables
temperature-dependent experiments to disentangle the
various contributions to the magnetic damping. These
can be correlated with different models for temperature-
dependent mechanisms such as defect induced mecha-
nisms [16] as well as conductivity- and resistivity-like
contributions [17]. Recently for example, the existence of
a conductivity-like Gilbert damping in epitaxial Fe [18]
was proven, which was discovered long ago in Co and
Ni whiskers but not till this day in Fe [19, 20]. Another
example of disentangling different contributions to the
magnetic damping by temperature-dependent broadband
FMR is the different temperature-dependence of interfa-
cial and bulk-like damping extracted from a thickness
series of thin Ni80Fe20 (Permalloy, Py) thin films [15].
It was even demonstrated that different capping layers,
which are usually used to prevent oxidation of the Py
film, lead so slightly different magnetic damping [1]. It
should be noted that Py is a very suitable ferromagnetic
metal to study magnetic damping mechanisms because
its fundamental magnetic properties are well understood
and established. Nevertheless, the available data for α
spreads over the range of 4− 9× 10−3 (see a compilation
of experimental results in Fig. 2 in Ref. [21] and Table I
in Ref. [22] and respective references therein). As Py is
a model system of a metallic ferromagnet with low mag-
netic damping, this suggests that a systematic study of
the environment of the ferromagnetic film is required for
a better understanding and control of the intrinsic mag-
netic damping mechanisms.

Here, we report on a systematic study of the
temperature- and frequency-dependence of the FMR
linewidth of Py as a model system, which was grown on
typical substrates and capped with different types of ma-
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terials suitable for preventing oxidation of the Py layer
(Ta, Al, and SiOx). To keep the number of free param-
eters low, the thickness of the Py layer was not varied,
because the central goal of this work was to establish
the most suitable material for capping or sandwiching
the Py in the sense that α shows only homogeneous,
Gilbert-like contributions and is as low as possible. Sur-
prisingly, the differences between the different substrates
and capping layers exhibit a pronounced temperature-
dependence, which was already indicated in [15]. Never-
theless, here we can show that any interface to an oxi-
dic material—either as cap or as substrate—leads to un-
favorable contributions to the magnetic damping and a
metallic sandwiching of Py in Al appears to be the best
choice for further systematic studies, especially at low
temperatures.

II. EXPERIMENTAL DETAILS

The Py thin films were grown by magnetron sputter-
ing in two different preparation systems with a nomi-
nal thickness of 20 nm. The Py films were grown either
on epi-ready c-plane sapphire [Al2O3(0001)], or on ther-
mally oxidized Si(001) substrates. The various types of
samples are sketched in Fig. 1. All capping layers have
a nominal thickness of 5 nm while the buffer layers were
2 nm thick. The Py films with the SiOx cap (sample type
I) and the Ta-capped or buffered films (sample type II
or III) were deposited at room temperature in a Bestec

sputter system with a base pressure of 3.5× 10−9 mbar.
20 standard cubic centimeters per minute (sccm) Ar-flow
was used as process gas. The working pressure during
deposition was 3 × 10−3 mbar for Py and SiOx, and
5 × 10−3 mbar for Ta. The dc sputter power was set
to 50 W for Py and Ta, while SiOx was deposited using
rf power of 100 W. The growth rates were 0.25 nm/s,
0.068 nm/s and 0.028 nm/s for Py, Ta, and SiOx, re-
spectively. In addition, the SiOx capped films were also
grown with either SiOx or Ta buffer layers (sample type
Ia). The Al-capped and buffered Py films (sample type
II or III) were exclusively grown on sapphire substrates
in an ultrahigh vacuum system with a base pressure of
2× 10−9 mbar at room temperature. The working pres-
sure was 4×10−3 mbar for both Al and Py using 10 sccm
Ar and a sputter power of 20W, respectively. The growth
rates of 0.9 nm/s for Py and Al were monitored using a
quartz crystal micro-balance.
Broad-band FMR measurements have been carried out

using the Cryo-FMR40 setup from NanOsc with a
microwave frequency fMW in the range of 2 − 40 GHz.
The sample is placed on a co-planar waveguide and the
transmitted power is detected by a diode. A pair of
Helmholtz-coils supplies an external alternating magnetic
field for lock-in detection. The static external magnetic
field Hext up to 9 T as well as the temperature con-
trol in the range of 4 − 295 K is provided by a Quan-

tumDesign PPMS system, which is controlled by the
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FIG. 1: Schematics of the different types of samples which
were investigated thoughout this work.

NanOsc software allowing for a fully automated record-
ing of the FMR spectra over a wide range of temper-
atures and microwave frequencies. As the modulation
coils create some waste heat at maximum modulation,
which is required here, the lowest achievable temperature
is typically 6 K. The temperature is measured directly
underneath the sample/waveguide assembly. Neverthe-
less, in most cases 10 K was chosen as the lowest temper-
ature, where the cooling power of the system can easily
compensate the heating from the modulation coils. The
individual FMR spectra are automatically fitted with a
Lorentzian, which allows to extract the relevant magnetic
parameters, i.e. the resonance field Hres as well as the
FMR linewidth ∆H . Note, that throughout this work
∆H refers to the full-width-at-half-maximum, which can
be converted to the peak-to-peak linewidth ∆Hpp using

∆H =
√
3 × ∆Hpp. All samples were measured in in-

plane geometry, i.e., applyingHext in the plane of the film
using a dedicated waveguide assembly. For a few samples
also the out-of-plane geometry was measured which re-
quires another dedicated waveguide assembly. Note, that
intermediate angles cannot be measured with this setup.
In a typical FMR experiment using the Cryo-FMR the

so-called Kittel-plots, i.e. fMW as a function of µ0Hres,
are recorded at selected temperatures. This data can be
fitted with the following equation:

fMW =
γµ0

2π

√

(Meff +Hk +Hres)(Hk +Hres) (1)

Here γ is the gyromagnetic ratio, which is related to the
g-factor via γ = g · µB

h̄
, where µB is the Bohr magne-
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ton and h̄ is the reduced Planck’s constant. Hres denotes
the resonance field extracted from the individual FMR
spectra, Hk is an effective in-plane anisotropy, and Meff

is the effective magnetization, which contains the shape
anisotropy as well as an effective uniaxial out-of-plane
anisotropy. Note, that Eq. (1) is only valid, when the in-
plane easy axis of the sample is oriented parallel to Hext.
In the ideal case of Py where no crystalline anisotropy
should be present, Hk should be zero and Meff should
be equal to the shape anisotropy; and thus, the sponta-
neous magnetization Ms. If Meff deviates from the shape
anisotropy, it would indicate an additional effective uni-
axial out-of-plane anisotropy. Since the Cryo-FMR only
uses two fixed geometries, the full angular dependence
of Hres could not be measured. So it is not possible to
reliably extract anisotropy parameters such asHk. In ad-
dition, it has been noted, that a slight uncertainty of the
actualHext behaves similar to the effective anisotropyHk

[23]. In the PPMS system, where the actual field of the
magnet is not directly measured, residual pinned flux in
the superconducting magnet can easily create small off-
set fields typically leading to a small negative Hk of the
order of 0.5 mT to 1.5 mT as discussed before [24]. For
the purpose of this work, where relative changes of the
magnetic parameters as a function of temperature are the
main objective, a precise determination of Meff , Hk, and
the g-factor is deemed not to be essential. Therefore, all
three parameters are fitted together as implemented in
the software and mostly relative changes as a function
of temperature and/or between two similar samples will
be discussed. The joint fitting of all three parameters
implies that their respective uncertainties are correlated,
especially regarding their actual numerical values; only
relative changes, e. g., as a function of temperature of
the same sample can be compared within the visible scat-
tering of the data. For the purpose of the present work,
where the magnetic damping parameters are in the focus,
it is sufficient to note the following accuracies: (i) abso-
lute values for the g-factor are never better than ±0.005,
(ii) all values ofHk below 1−1.5 mT are insignificant and
can be disregarded, and (iii) Meff should be compared to
the characteristic functional M(T ) behavior of Py; devi-
ations from that behavior can be only taken as indicative
of an additional out-of plane uniaxial anisotropy.
A second set of data can be derived from the frequency

dependence of the FMR linewidth ∆H . This data can
be fitted using the following equation:

∆H = ∆H0 +
4πα

γ
f (2)

Here ∆H0 is the inhomogeneous line broadening, which
is frequency independent and α is the Gilbert damping
parameter, which accounts for a linear frequency depen-
dence. Deviations from the linear behavior of ∆H(fMW)
indicate additional contributions to the FMR linewidth
such as two-magnon processes which typically exhibit
a nonlinear frequency dependence at lower frequencies,
which becomes constant at higher fMW [13] or even de-

0 100 200 300
0.95

1.00

1.05

0 50 100 150 200 250 300

0

5

10

0

10

20

30

40

0 200 400 600 800

0 100 200 300

 

 

0M
ef

f (T
)

T (K)

(b)

 

 

0 H
k (m

T)
T (K)

 5nm SiOx/ 20 nm Py / sapphire
 5 nm SiOx/ 20 nm Py / SiOx

 5 nm SiOx/ 20 nm Py / 1.5 nm Ta / SiOx

 5 nm SiOx/ 20 nm Py / 5 nm SiOx/ SiOx

in-plane

5 nm SiOx / 20 nm Py / SiOx

 

5 nm SiOx / 20 nm Py / sapphire

 

0Hres (mT)

f M
W

 (G
H

z)

 295 K  250 K
 200 K  150 K
 100 K  75 K
 50 K  25 K
 15 K  10 K

(a)

2.095

 

 

g 
- f

ac
to

r

T (K)

2.100

FIG. 2: (a) Kittel-plot (f-H dependence) of the SiOx-capped
Py grown on sapphire measured at various temperatures in
in-plane geometry. The inset shows the fitted g-factor for
this sample (red stars) in comparison to samples grown on
Si substrates. (b) Effective in-plane anisotropy field Hk and
Meff (inset) as a function of temperature derived from the
Kittel-plots shown in (a).

creases [16]. Throughout this work, the indicated un-
certainties of the derivation of the damping parameters
rely on linear regression of the data and the associated
uncertainties.

III. EXPERIMENTAL RESULTS

A. Oxidic capping layers

Figure 2(a) shows the frequency-resonance field depen-
dences (Kittel-plots) of a 20-nm-thick Py film on sapphire
with a 5 nm SiOx capping layer (sample type I) recorded
between 2 and 40 GHz from 295 K down to 10 K. It
reveals no very pronounced temperature-dependent ef-
fects. The inset shows the temperature dependence of
the g-factor, which was extracted from a fit of the data
according to Eq. (1). In addition to the Py film on sap-
phire (open red stars), all studied samples with SiOx cap
on silicon substrates are shown, which were grown with-
out buffer (sample type I; open black circle), with Ta (full
blue triangles), or SiOx (full black ciurcles) buffer layers
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(sample type Ia). Overall, the temperature dependence
of the g-factor is rather weak and remains within the
visible scatter of the data at different temperatures and
from sample to sample. Virtually all data remains in the
range of g = 2.096(5) but a slight tendency for increased
g-factors towards low temperature is visible. This is bet-
ter seen if each sample is being individually looked at
but nonetheless remains within the visible scatter of the
data. Figure 2(b) compiles the remaining fitted param-
eters for the identical set of samples, namely the effec-
tive in-plane anisotropy field Hk and Meff (inset). Down
to 50 K the values for Hk are small and mostly neg-
ative, which may be disregarded within the achievable
accuracy of the fixed-geometry measurement. However,
below 50 K a significant increase of Hk up to around
10 mT is visible, which is of comparable size regardless
of the substrate. Since also thin buffer layers of either Ta
or SiOx do not change this behavior, this increase has to
stem from the SiOx capping of the Py film. Likewise, the
Meff(T ) shown in the inset of Fig. 2(b) is virtually identi-
cal with the exception of the sample grown on sapphire.
While the latter one exhibits a shape, which resembles
typical M(T ) curves of Py films recorded by conventional
static magnetometry, all other samples exhibit a more lin-
ear temperature-dependence at low temperatures, which
may be explained by an additional out-of plane effective
anisotropy, which appears in parallel to the increase of
Hk. Only at the lowest temperatures a small down-turn
in Meff is visible for all samples.

In summary, the results from the Kittel-fits of the SiOx

capped Py films are as follows: (i) The effective in-plane
anisotropy field Hk exhibits a pronounced increase at low
temperatures, which is (ii) also accompanied by a con-
tribution of an effective out-of-plane anisotropy as seen
from the unusual behavior of Meff at low temperatures.
(iii) The g-factor remains temperature-independent with
a small tendency to slightly increase at low temperatures.
Since this behavior is present in all samples with SiOx

cap—irrespective of the type of substrate or buffer layer
separating the Py from the silicon substrate—we assign
this behavior to the presence of the SiOx cap. This ob-
viously must be induced by a slight oxidation of the Py
film during growth of the SiOx cap. It is noteworthy,
that the influence of the oxide capping layer is only visi-
ble at low temperatures, whereas from 100 K to ambient
conditions the overall behavior appears to be inconspicu-
ously for Py. It is therefore of special interest, how these
small changes due to the oxidic cap at low temperatures
influence the magnetic damping.

Figure 3(a) shows the frequency dependence of the
FMR linewidth ∆H of the Py film on sapphire for
various temperatures. Between 295 K and 75 K the
∆H(fMW) exhibits a linear behavior, which is indica-
tive of a Gilbert-like behavior with small variations in
the slope depending on temperature. At low temper-
atures deviations from the linear behavior appear, and
both slope as well as y−axis intercept are significantly
altered. This behavior is also seen for SiOx-capped Py
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FIG. 3: (a) frequency-dependent FMR linewidth ∆H mea-
sured with in-plane field as a function of temperature for the
identical samples as in Fig. 2(a) including linear fits. Devi-
ations are visible at lower temperatures (see text). (b) In-
homogeneous broadening ∆H0 and homogeneous Gilbert-like
damping α (inset) derived from the linear fit of the data in
(a) for the identical set of samples as in Fig. 2. Error bars
derived from the linear regression of the data are indicated in
green for selected temperatures.

grown on silicon substrates, see Fig. 5(a). This nonlin-
ear behavior can be tentatively assigned to two-magnon
processes similar to previous reports for Py/NiO [25].
Their influence can be seen in Fig. 3(b) where the re-
sults of a linear fit according to Eq. (2) are shown for
the sample grown on sapphire (open red stars) as well
as all SiOx-capped films grown on silicon. In addition,
SiOx capped Py samples with Ta or SiOx buffer (type
Ia) have been investigated since a Ta buffer has been re-
ported to suppress two-magnon contributions in Py/NiO
[25]. For all studied samples in Fig. 3(b) the inhomo-
geneous broadening ∆H0 increases at low temperatures
resembling the increase ofHk seen in Fig. 2(b) for all sam-
ples with SiOx cap irrespective of the substrate or buffer
layer. The corresponding temperature dependence of the
Gilbert damping parameter α(T ) of all SiOx capped sam-
ples is shown in the inset of Fig. 3(b). Again, all sam-
ples exhibit a rather similar behavior revealing a non-
monotonous behavior with a maximum around 50 K.
Such a behavior of α(T ) has been reported before for
Py films grown on SiOx-buffered silicon and capped with
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FIG. 4: (a) frequency-dependent FMR linewidth ∆H mea-
sured with field out-of-plane as a function of temperature for
the identical sample as in figs. 2(a) and 3(a) including linear
fits. (b) Inhomogeneous broadening ∆H0 and homogeneous
Gilbert-like damping α (inset) derived from the linear fit of
the out-of-plane data in (a) in comparison to the in-plane data
(asterisks) shown in Fig. 3(b). Error bars derived from the
linear regression of the data are indicated in blue for selected
temperatures.

either TaN or Al2O3 [15]. In [15] this was tentatively
assigned to a spin reorientation transition. However, the
microwave frequency range was limited to 14 GHz. Look-
ing at the ∆H(fMW) behavior in Fig. 3(a) one recognizes
that deviations from the linear behavior are only visible,
when a wider frequency range is studied.

It has been suggested to exclude the nonlinear con-
tributions from two-magnon scattering processes to the
linewidth by fitting data only in the range of 25 to 40 GHz
[24]. However, a safe elimination of such two-magnon
processes to the FMR linewidth is achieved by using the
out-of-plane geometry, where those effects are known to
be suppressed [13]. Figure 4(a) shows the FMR linewidth
∆H as a function of the microwave frequency fMW of
the identical sample as in Fig. 3(a) measured in out-of-
plane geometry for various temperatures. In contrast to
the in-plane measurement no deviations from the linear
behavior are visible at any temperature proving that the
observed kink in the in-plane data indeed stems from two-
magnon scattering processes. Nonetheless, there is a pro-
nounced temperature dependence of the FMR linewidth.

Figure 4(b) compares the results of the linear fit for the
out-of-plane data with the in-plane results already shown
in Fig. 3(b). It is visible that the inhomogeneous broad-
ening ∆H0 is systematically higher in out-of-plane geom-
etry and it steadily increases over the entire temperature
range, which could be an effect of a slight misalignment
of the sample due to the fixed geometry of the waveg-
uide assembly in the Cryo-FMR. In contrast, the homoge-
neous, Gilbert-like damping constant α is systematically
lower by about 0.001 over the entire temperature range,
which can be taken as the uncertainty of the numerical
value of the homogeneous α for the in-plane geometry
due to two-magnon processes. Also the nonmonotonous
behavior in α(T ) is suppressed. Only around 50 K, where
Meff and Hk in the in-plane geometry starts to deviate,
α(T ) shows a slight anomaly in the out-of-plane geome-
try. Looking at the ∆H(fMW) data in Fig. 4(a) again,
one recognizes around 50 K that there is an apparent
transition from a regime with generally lower linewidth
to a clearly increased FMR linewidth. However, for the
purpose of the present work it is preferred to suppress
any non-Gilbert-like contributions to the FMR linewidth
rather than to investigate different unwanted contribu-
tions to it. The high inhomogeneous broadening ex-
ists in all geometries—especially at low temperatures—
irrespective of the presence or absence of two-magnon
scattering processes.
Summarizing this part, the use of oxidic capping lay-

ers induces changes in the effective anisotropy only at
low temperatures. They have a strong influence on the
magnetic damping by inducing additional damping mech-
anisms leading to a nonlinear ∆H(fMW) behavior and
an apparent nonmonotonic α(T ) behavior with a peak
around 50 K—if the nonlinear two-magnon scattering
processes are disregarded. Comparing the SiOx-capped
samples grown on either sapphire or silicon with or with-
out Ta or SiOx buffer layers no significant changes are
found in virtually all magnetic parameters extracted from
the temperature-dependent broadband FMR measure-
ments. In particular, the magnetic damping parameters
are rather similar for all studied samples except the mea-
surement in out-of-plane geometry, see Table I. This in-

TABLE I: Compilation of the most important quantitative re-
sults of homogeneous and inhomogeneous magnetic damping
for Py films with oxidic cap for selected temperatures as dis-
played in Figs. 3 and 4. ∆H300 K

0 is between 0.1 and 0.2 mT
for all in-plane (IP) measurements, while for the out-of-plane
(OOP) measurement it is 1.9 mT, see Fig. 4. The experimen-
tal error bars for α are in the range of ±0.00004 and ±0.0001.

α300 K α50 K α10 K ∆H10 K

0

SiOx/Py/sap. (IP) 0.00745 0.0087 0.00801 8.4 mT
SiOx/Py/sap. (OOP) 0.00685 0.00728 0.00661 12.3 mT
SiOx/Py/SiOx 0.00741 0.0088 0.00708 7.6 mT
SiOx/Py/SiOx/SiOx 0.00728 0.00894 0.00694 8.6 mT
SiOx/Py/Ta/SiOx 0.00749 0.00844 0.00661 6.9 mT
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dicates the dominant role of the oxidic cap in inducing
the (unwanted) nonlinear ∆H(fMW) behavior due to the
presence of two-magnon processes. The presence of two
magnon processes requires some kind of magnetic rough-
ness [13] whose microscopic origin origin cannot be un-
ambiguosly identified. It is known that Py only forms
a less than 1 nm thick oxide layer at ambient temper-
atures containing antiferromagnetifc NiO and FeO [26].
It was attempted to confirm the presence of these oxides
in the SiOx capped samples via exchange bias. However,
after field cooling in ±5 T down to 2 K no horizontal
shift of the M(H) curve and no increase of the coercive
field compared to zero-field cooling could be observed
(not shown). However, this can still be consistent with
the formation of only a very thin oxide layer, which can
create a modified anisotropy as reported in [26], thus ac-
counting for the strong increase in Hk in Fig. 2(b). In
addition, an uncapped Py film was investigated and it
exhibits a qualitatively very similar magnetic behavior
as the SiOx capped films (not shown), presumably due
to the formation of a less well-defined oxide layer. Thus,
one may consider it as the most likely scenario, that the
two magnon processes are activated by defect formation
due to slight oxidation at the interface between the ox-
idic cap and the Py film underneath. Therefore, in a
next step, to avoid the unwanted two-magnon processes,
non-oxidic capping layers shall be investigated.

B. Metallic capping layers

Figure 5 compiles the ∆H(fMW) behavior of the Ta-
capped Py films grown on silicon (b) and sapphire (c)
substrates (sample type II) in comparison to the SiOx-
capped sample (type I) grown on silicon (a). As al-
ready discussed above, the latter exhibits a nonlinear
∆H(fMW) behavior at low temperatures similar to the
SiOx-capped sample grown on sapphire in Fig. 3(a). In
contrast, for the Ta-capped samples the ∆H(fMW) be-
havior is found to be linear across the entire temperature
range. Obviously, the hypothesis that the SiOx cap in-
duces the nonlinear behavior is correct and metallic cap-
ping at first sight avoids unwanted contributions to the
FMR linewidth. In addition, the second Py/oxide inter-
face, namely the one to the substrate does not induce
non-Gilbert-like damping processes. These conclusions
can be refined by looking at the extracted inhomoge-
neous broadening and Gilbert damping parameter in Fig.
6(a). The low-temperature increase of ∆H0 of the oxidic
cap (open black circles) is absent for Ta-capped Py films
grown on either silicon (open blue triangles) or sapphire
(open red stars). Likewise, the peak in the α(T ) behav-
ior of the oxidic cap shown in the inset of Fig. 6(a) is
strongly suppressed for the Ta-capped Py grown on sil-
icon and turns into a minimum for sapphire substrates.
This underlines that the peak in α(T ) around 50 K is not
an intrinsic but an extrinsic property of Py films and it
is induced by interfacial effects.

0

5

10

15

20

25

30
0 5 10 15 20 25 30 35 40

0 5 10 15 20 25 30 35 40
0

5

10

15

20
0

5

10

15

20

(a) 5 nm SiOx / 20 nm Py / SiOx

 

fMW (GHz)

0
H

 (m
T)

 295 K  250 K
 200 K  150 K
 100 K  75 K
 50 K  25 K
 10 K 

5 nm Ta / 20 nm Py / sapphire

 

 

0
H

 (m
T)

fMW (GHz)

(c)

(b) 5 nm Ta / 20 nm Py / SiOx

 

 

0
H

 (m
T)

FIG. 5: (a) frequency-dependent linewidth ∆H(fMW) of the
SiOx-capped Py film shown in figs. 2 and 3 as a function
of temperature revealing deviations from the linear behavior.
The comparison of ∆H(fMW) of a Ta-capped Py film grown
on (b) Si with (c) sapphire substrates reveals a linear behav-
ior.

The changes of the magnetic damping in this set of
samples is also accompanied by respective changes in Hk

and Meff . Figure 6(b) summarizes both parameters ex-
tracted from Kittel-fits for the identical set of samples as
in (a). Similar to the ∆H0 also the low-temperature in-
crease ofHk induced by oxidic caps is strongly reduced in
the Ta-capped films. Likewise, also the low temperature
behavior of Meff changes and resembles the more usual
M(T ) behavior of a ferromagnet. This again underlines
that the oxidic cap induces at the same time effective
in- and out-of-plane anisotropies, which result in an in-
creased inhomogeneous broadening. Obviously, the Ta
cap can reduce unwanted effects on the magnetic damp-
ing at low temperatures but as Fig. 6 reveals, there seems
to be a difference between sapphire and silicon substrates
regarding the α(T ) behavior as well as Meff(T ). This is
a first indication, that also the second oxidic interface to
the substrate influences the magnetic properties of Py.
In a final step also the influence of different buffer layers
will be investigated.
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FIG. 6: (a) Resulting inhomogeneous broadening ∆H0 and
Gilbert-damping parameter α (inset) as a function of tem-
perature of the data shown in Fig. 5. Error bars derived from
the linear regression of the data are indicated in green for se-
lected temperatures. (b) Temperature-dependence of Hk and
Meff (inset) extracted from the Kittel plots of the identical
set of samples.

C. Metallic buffer layers

Figure 7 compiles the ∆H(fMW) behavior of three dif-
ferent samples (type II and III) grown on sapphire sub-
strates. In Fig. 7(a) a Ta-capped film with Ta buffer
is shown. This data can be compared with those with-
out Ta buffer in Fig. 5(c). In addition, Fig. 7 shows an
Al-capped Py film without (b) and with Al buffer (c).
At first sight no marked differences are visible for these
samples and it is obvious that the ∆H(fMW) behavior
is linear, i.e. Gilbert-like for all samples. This rules out
contributions from processes like two-magnon scattering
for all samples but still may include other effects like
eddy current damping and/or spin pumping because of
the adjacent metals. It should be noted, that both cap-
ping and buffer layer were chosen to be as thin as possible
to minimize these effects. A more detailed study goes be-
yond the scope of the present paper and will be published
elsewhere. For the purpose of this work it is sufficient to
note that both Al as well as Ta typically form a native
oxide of ∼3 nm thickness [27]. Therefore, the Py film is
symmetrically sandwiched in a ∼2 nm metallic cap and
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FIG. 7: Comparison between the ∆H(fMW) of the Py film
grown on sapphire with (a) Ta cap and Ta buffer, (b) Al cap
only, and (c) Al cap and Al buffer recorded as a function of
temperature, respectively.

buffer, which are in contact with a natural oxide and an
oxidic substrate, respectively. Even if some intermixing
of the Py with the Ta/Al should occur, this should be
limited to ∼1 nm on either side, and thus, not more than
10% of the entire 20-nm-thick Py film. It was also veri-
fied that the thickness of the cap is sufficient to protect
the Py from degradation due to oxidation. In the case
of Al this was verified by comparing nominally identi-
cal, freshly grown films with up to 3 years old samples
(not shown). For selected samples in this work this was
verified by remeasuring the identical sample after several
months of exposure to ambient conditions.

Turning back to the influence of a metallic buffer on the
magnetic damping of Py films, Fig. 8 shows the extracted
parameters from Kittel-fits for six different samples: open
blue circles denote the Ta-capped Py on SiOx from Fig.
5(b), open blue triangles denote the Ta-capped film on
sapphire from Fig. 5(c), and open green stars Al-capped
Py on sapphire from Fig. 7(b), i. e. sample type II. The
respective full symbols refer to the same sample with the
respective buffer layer, e. g., full triangles or stars refer
to the Ta- or Al- sandwiched films (sample type III) de-
picted in Fig. 7(a) and (c), respectively. In Fig. 8(a)
Meff(T ) is shown, which reveals that all buffered samples
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FIG. 8: Results of the Kittel-fit (not shown) for the identi-
cal set of samples as in Fig. 7 summarizing the temperature-
dependence of (a) Meff , (b) Hk, and (c) the g-factor. Open
symbols refer to samples with cap and buffer, solid symbols
to samples with cap only, respectively.

have a nearly identical Meff . The value is systematically
higher than for all unbuffered ones. While it cannot be
decided, whether this is due to a reduction in M or an ef-
fective out-of-plane anisotropy, it is evident that there are
discrepancies for the different substrates. For an inter-
face with sapphire substrate (open triangles/stars), there
is a small reduction in Meff at low temperatures, which is
absent for the silicon substrate (open circles). Likewise,
the Ta cap appears to significantly reduce Meff while for
an Al cap Meff it is systematically higher. We tentatively
ascribe this to some finite amount of intermixing, which
is known for the Ta/Py interface [28–30]. On the other
hand, the Ta buffer appears to have no influence on Meff

compared to Al (see the full symbols). This may be un-
derstood by considering the (strongly kinetic) sputtering
process: for the Ta cap rather heavy Ta ions impinge on
the lighter elements Ni and Fe whereas for Al the lighter
ions impinge on the relatively heavier Ni and Fe atoms
in the film, which may explain a relatively stronger in-
termixing for a Ta cap in comparison to an Al cap. In
turn, for an Al buffer the intermixing with the Py on
top should be stronger compared to a Ta buffer based on
the same reversed argument. Nevertheless, no systematic
differences between Al and Ta buffer can be seen.

Figure 8(b) summarizes the results for Hk for the same
set of samples as in (a). Only for Ta a very small increase
of Hk can be seen at low temperatures, which is less pro-
nounced for Al. This may corroborate a slightly stronger
tendency for intermixing at the Ta/Py interface, which
can go hand-in-hand with small interfacial anisotropies.
The overall negative values forHk were already addressed
above and are most likely due to a small negative offset
field of the superconducting magnet. Note that in all
cases rectangular sample pieces were cut with the long
side corresponding to the in-plane easy axis, which was
oriented along Hext. With regard to the g-factor no sig-
nificant temperature dependence is found in Fig. 8(c).
All samples show identical fitted values within the visible
scatter of the data. However, looking at each individual
sample, a small tendency to a slight reduction of g with
decreasing temperature may be inferred. For example,
the Al-capped film has g = 2.095 at 295 K and g = 2.090
at low temperatures. The visible scatter in this dataset is
±0.002 so that a reduction of g of about 0.1% may be in-
ferred from this data-set. This statement explicitly refers
to relative changes with temperature. The accuracy of
the absolute value for g in this type of experimental setup
is less precise and g-factors of 2.09 are at the lower end
of the commonly accepted values for Py [31]. Note that
such a reduction could be caused by the different ther-
mal expansion coefficients of Py and the substrate and
thus the resulting strain; however, one can consider this
scenario as unlikely, since Py is known to have only weak
magnetostriction, see, e. g., [26]. For the purpose of this
work, where the magnetic damping is the quantity of in-
terest, it is important to note that within less than a
percent, g is constant. Thus, it should not influence the
accuracy of the extracted α since according to Eq. (2),
the value of g is needed to calculate α from the slope of
the ∆H(fMW) data.

Finally, Fig. 9 represents the central finding of the
present work. Namely, the temperature dependence of α
in (a), as well as the inhomogeneous broadening ∆H0(T )
in (b), which were extracted by fitting the ∆H(fMW)
data of the metal-capped (open symbols, sample type II)
and sandwiched (full symbols, sample type III) Py films.
A number of observations can be made: (i) Py in direct
contact with a sapphire substrate (open triangles/stars)
exhibits an increase of both α and ∆H0 at low tempera-
tures. Whereas when in contact with a silicon substrate
(open circles) only the low-temperature increase in ∆H0

is present. (ii) Py with a Ta cap or sandwiched in Ta has
a generally higher α and ∆H0 compared to an Al cap
or sandwich (blue vs. green symbols). (iii) Py in direct
contact to both oxidic substrates (open symbols) has a
pronounced increase of ∆H0 at low temperatures. This
is partially suppressed by a Ta buffer (solid blue sym-
bols) and is fully suppressed by an Al buffer (solid gree
symbols). (iv) Py sandwiched in Ta has a higher α, es-
pecially at higher temperatures, but α decreases for low
temperatures. (v) Py sandwiched in Al appears to be
the best choice in terms of both low α and ∆H0. (vi) By
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FIG. 9: Resulting Gilbert-damping parameter α(T ) (a) and
inhomogeneous broadening ∆H0(T ) (b) derived from the lin-
ear fit of the data given in Fig. 7. Solid symbols refer to sam-
ples with cap and buffer, open symbols for samples with cap
only, respectively. Error bars derived from the linear regres-
sion of the data are indicated in red for selected temperatures.

just focusing on the 295 K data one can see that an Al
buffer decreases α compared to an Al cap, whereas a Ta
buffer increases α compared to an Ta cap. Both trends
hold down to 50 K for Ta where there is a cross-over.
In contrast, this cross-over is absent for Al and the sand-
wiched Py exhibits a clearly lower α for all temperatures.
These observations are indicative of a more complex in-
terplay of different effects on the FMR linewidth for the
Ta/Py interface(s), e. g., Ta as a rather heavy element
may exhibit significant spin pumping effects at the Ta/Al
interface due to its higher spin-orbit coupling compared
to Al, which may explain the overall higher magnetic
damping in those films. Therefore, the Al/Py interface
appears to be the most suitable choice for lowest possible
homogeneous damping and close-to-zero inhomogeneous
contributions.

An overview of the quantitative findings of the Py films
with metallic capping and buffer layers can be found in
Table II for selected temperatures. To focus on the low-
est achievable damping, the Al-sandwiched Py film, the
homogeneous Gilbert damping parameter α is 0.00683(2)
at 295 K, it decreases to 0.00601(2) between 50 K and
100 K until it increases again to 0.00623(2) at 10 K. Thus,
it is at the lower end of the various other reported val-

ues, which range from 0.004 to 0.009 as compiled in Refs.
[21, 22]. For a quantitative comparison of the findings in
this work it is interesting to directly look at the respec-
tive lowest reported values in the original works: An α

of 0.004 has been reported in [21], which was reported
for a Ta/Py/Ta multilayer measured at a single FMR
frequency [32]. Likewise, the lowest value of 0.0055 re-
ported for TaN capped Py in [22] was taken from [15]. It
is however interesting to note that both values were de-
rived from a thickness dependence of the respective Py
film and thus they represent extrapolated bulk values.
If one looks at 20 nm thick Py films, as in the present
case, one finds a value for α = 0.0088(18) for the Ta/Py
multilayer in [32] and α = 0.0064 at 300 K for the TaN
capped Py film in [15]. Note that this value drops to
about 0.0057 at 5 K; however, in those samples α exhibits
a slight maximum around 50 K to 75 K, which is in con-
trast to the local minimum observed in the present study.
Nevertheless, the homogeneous Gilbert damping param-
eter for Al-sandwiched Py of 20 nm thickness is among
the lowest experimental values reported in the literature.
Note, that throughout this work all values have not been
corrected by the radiative damping, which would further
lower the intrinsinc damping, see, e. g., [22].

A final word concerns the temperature dependence of
α of Al-sandwiched Py films (full green stars) in Fig.
9(a). There is a clear minimum of α around 75 K. Con-
sidering the suggested conductivity- and resistivity-like
contributions to the magnetic damping [16, 17], this ob-
servation suggests that both contributions play a role in
Py as well. The reduction in the damping parameter
as the temperature is lowered to 75 K is indicative of
a resistivity-like behavior, consistent with the character-
istics expected for Py films [12, 33]. Furthermore, the
temperature-dependent trend of the damping parameter
down to 75 K closely resembles the quadratic temper-
ature dependence observed in Py resistivity [34]. The
conductivity-like contribution, i. e., the low temperature
increase, has recently been reported for epitaxial Fe [18],
although it is known since decades for other elemental
ferromagnetic metals like Ni and Co [19]. However, in
the case of Py the increase at low temperatures is much
less pronounced than what is reported in the literature
for elemental ferromagnets [18, 19] and is consistent with

TABLE II: Compilation of the most important quantitative
results of homogeneous and inhomogeneous magnetic damp-
ing for metallic capped and sandwiched Py films for selected
temperatures as displayed in Fig. 9. The experimental error
bars for α are in the range of ±0.00002 and ±0.00006.

α300 K α75 K α10 K ∆H300 K

0 ∆H10 K

0

Ta/Py/Ta 0.00750 0.00690 0.00664 0.3 mT 0.7 mT
Ta/Py/SiOx 0.00736 0.00694 0.00677 0.2 mT 1.2 mT
Ta/Py/sap. 0.00728 0.00674 0.00732 0.4 mT 1.3 mT
Al/Py/Al 0.00683 0.00601 0.00623 <0.1 mT < 0.1 mT
Al/Py/sap. 0.00714 0.00657 0.00719 <0.1 mT 0.9 mT
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the earlier findings of the absence of conductivity-like
contributions for Py [33]. It should be noted that most
of the older work was measured at a single frequency, and
thus, homogeneous contributions were not easy to sepa-
rate from inhomogeneous contributions, although the lat-
ter should be minimal for the single crystalline whiskers
used in [19]. Referring to the broadband FMR studies
on epitaxial Fe in [18] in comparison the present work
on Al-sandwiched Py, further work is necessary to clar-
ify whether the weak low-temperature increase of α for
Al/Py/Al is indeed indicative of a small conductivity-like
contribution to the damping in Py or if interfacial effects
like those reported in [15] play an additional role.
In summary, we have systematically investigated a

range of common capping layers and substrates to de-
duce a suitable material combination for the fabrication
and protection of Py thin films to achieve lowest pos-
sible magnetic damping down to low temperatures. It
turns out that oxide capping layers, while comparable to
metallic ones at elevated temperatures, lead to a strong
low-temperature increase in the FMR linewidth in terms
of homogeneous and inhomogeneous contributions. In
addition, also two-magnon scattering processes are evi-

denced. Therefore, metallic capping layers are the better
choice. However, these caps should be self-passivating at
ambient conditions as it is the case for Ta and Al used in
this study. The second oxidic interface to the substrate is
less crucial and the magnetic damping is not strongly af-
fected for both silicon and sapphire substrates. Nonethe-
less, there is still a low-temperature increase of homo-
geneous and inhomogeneous contributions to the FMR
linewidth. This can be improved by inserting a thin
metallic buffer layer and Al turns out to be the better
choice compared to Ta where especially at elevated tem-
peratures the Gilbert-like damping is slightly increased
compared to the unbuffered Py. Therefore, Al/Py/Al is
found to be the most suitable choice to further investi-
gate the fundamental magnetic properties in terms of low
magnetic damping, especially at low temperatures. For
example, a thickness series of Py would be of interest to
disentangle interfacial from bulk contributions. In the
light of the present work, a symmetric, Al-sandwiched
Py would be the most promising choice of materials to-
wards the lowest possible magnetic damping in the entire
temperature range from 5 to 295 K.
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