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We measure the compositional dependence of ferromagnetic relaxation 共damping兲 in
共Ni81Fe19兲1−xCux magnetic thin films. The compositions tested 共0 艋 x 艋 0.30兲 cover the decreasing,
high-Z 共27.6艋 Z 艋 28.0兲 branch of the Slater-Pauling curve. Broadband 共0 – 18 GHz兲 ferromagnetic
resonance measurements in parallel 共in-plane兲 and perpendicular 共out-of-plane兲 resonance
configurations reveal purely intrinsic, Gilbert-type damping, increasing with Cu content, from ␣
= 0.0081± 0.0003 共no Cu兲 to ␣ = 0.0242± 0.0006 共30% Cu兲. Despite the marked decrease in
saturation magnetization 0M s, in good agreement with Slater-Pauling values, the relaxation rate G
also increases, from G = 112± 4 MHz 共no Cu兲 to G = 150± 4 MHz 共30% Cu兲. The results are similar
in variation with Z to those found on the low-Z branch of the Slater-Pauling curve, in epitaxial
Fe1−xVx. © 2007 American Institute of Physics. 关DOI: 10.1063/1.2709750兴
I. INTRODUCTION

Ferromagnetic relaxation, or damping, is the physical
process through which precessional 共gigahertz兲 magnetization motion comes to a stop. The Landau-Lifshitz-Gilbert
relaxation rate G directly controls the performance of gigahertz magnetic devices: critical currents icrit in spin momentum transfer 共SMT兲 switching1 and frequency-swept linewidths for microwave absorption.2,3 Nevertheless, relaxation
is not well understood, or characterized; values of intrinsic
relaxation rate G have not been measured in many binary or
ternary alloy systems of interest. Characterization of G
across alloy systems can lead to an improved understanding
of relaxation, as well as its more effective materials-based
control.
共Ni81Fe19兲1−xCux thin films have been of interest in their
own right for use in SMT devices.4,5 The deliberate introduction of Cu into Ni81Fe19, reducing the moment, has made it
much easier to magnetize one film normal to the plane with
attainable fields B⬜ ⬍ 1 T. SMT efficiencies are known to be
larger where magnetization directions of M1, M2 are perpendicular to each other.
The composition range spanned by 共Ni81Fe19兲1−xCux can
address a leading theory of ferromagnetic damping.
Kambersky6,7 has proposed a dependence of ferromagnetic
relaxation rate G 共damping ␣兲 on effective g factor 共geff兲 as
G ⬀ 共geff − 2兲2共a + b−1兲, where  denotes the scattering time,
and pure spin type magnetism is expected as geff = 2. According to the magnetomechanical measurements of Barnett,8,9
geff follows a rough compositional dependence, similar to the
Slater-Pauling curve, but peaked at Z = 27 共Co兲. Decreasing
values in geff may thus be expected in 共Ni81Fe19兲1−xCux thin
films with increasing Cu content, if thin film results are simia兲
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lar to those seen in bulk crystals; according to the Kambersky theory,6,7 reduced values in geff may produce reduced
values in G.
In this article, we present a detailed ferromagnetic resonance and relaxation 共damping兲 of 共Ni81Fe19兲1−xCux thin
films. We found that the saturation magnetization and relaxation rate 共damping兲 can be effectively controlled by means
of Cu content in thin Ni81Fe19 films.

II. EXPERIMENT

Alloys of 共Ni81Fe19兲1−xCux 共50 nm兲 thin films were
grown onto Si/ SiO2 substrates using UHV magnetron sputtering at a base pressure of 4 ⫻ 10−9 Torr. 共Ni81Fe19兲1−xCux
samples were made by confocal sputtering from Ni81Fe19
alloy and elemental Cu targets under an applied deposition
field of 20 Oe.
Cu doped Ni81Fe19 alloy thin films 共50 nm thick兲, with
doping levels of 0%, 20%, and 30%, were investigated in the
study. All these films were capped with a sputtered 5 nm Cu
layer to prevent oxidation before transport to air. Atomic
fluxes of each source to the substrate, operating separately,
were calibrated using a quartz crystal monitor, located in
front of the substrate position, immediately prior to film
deposition. Rates for each alloy composition were subsequently calibrated using the atomic force microscopy
共AFM兲.
The Cu doped Ni81Fe19 共50 nm兲 thin films were characterized using broadband 共0 – 18 GHz兲 ferromagnetic resonance 共FMR兲 measurements in parallel 共in-plane兲 and perpendicular 共out-of-plane兲 resonance configurations. All
measurements were carried out at room temperature. More
details about broadband FMR setup and measurement technique can be found in our previous work.10
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FIG. 1. 共Color online兲 Variable-frequency out-of-plane resonance fields
Hres共兲 of Ni81Fe19 films with different Cu doping. Solid lines are linear fits
to Eq. 共1兲. The inset shows the effective g factors geff extracted from the
slope of the linear fits.

FIG. 3. 共Color online兲 Variable-frequency in-plane linewidths ⌬Hpp共兲 of
Ni81Fe19 films with different Cu doping. Solid lines are linear fits to Eq. 共3兲.
The inset shows the damping constant ␣ extracted from the slope of the
linear fits.

III. RESULTS AND DISCUSSION

samples. The nonlinear fits to Eq. 共2兲, using 0M s and Hk as
free parameters and geff from out-of-plane FMR measurements, are included. The extracted saturation magnetization
values decrease with increasing doping levels of Py films,
from 0.934 T for pure Ni81Fe19 to 0.426 T for 30% Cu doped
Ni81Fe19, shown in Fig. 4, very close to those extracted values from out-of-plane measurements.
Damping constants ␣ can be obtained through the fieldswept linewidth ⌬Hpp of varibale-frequency in-plane FMR
measurements, according to

The resonant field Hres and the linewidth ⌬Hpp were
measured through conventional broadband FMR over the
range of 2 – 10 GHz for out-of-plane and 2 – 16 GHz for inplane measurements.
For out-of-plane FMR measurements, the Kittel relationship between applied bias field H and FMR frequency f can
be written as 共surface anisotropy is neglected兲11

 = 0␥0geff共H − M s兲,

共1兲

where ␥0geff is the effective gyromagnetic ratio,
175.8 GHz/ T for geff = 2.
Plots of out-of-plane resonant field Hres as a function of
resonant frequency, with linear fits to Eq. 共1兲, are shown in
Fig. 1 for all samples. Fits to this equation yield independent
measurements of geff 共slope兲 and 0M s 共intercept兲. The extracted effective g factors 共geff兲 change from 2.10± 0.01 for
pure Ni81Fe19 to 2.07± 0.01 for 30% Cu doped Ni81Fe19.
With increasing doping levels, the saturation magnetization
共0M s兲 values decrease clearly, from 0.965 T for pure
Ni81Fe19 to 0.471 T for 30% Cu doped Ni81Fe19.
For in-plane FMR measurements, the Kittel relationship
between applied bias field H and FMR frequency f has been
used to estimate saturation magnetization 0M s and anisotropy field Hk in the films, written as11

0⌬Hpp = 0⌬H0 +

2 ␣
冑3 ␥0geff ,

共3兲

Plots of square of resonant frequency f 2 as a function of
in-plane resonant field Hres are shown in Fig. 2 for all

where linewidth can be divided between homogeneous and
inhomogeneous types.12
Homogeneous linewidth is proportional to resonant frequency, described by the Landau-Lifshitz-Gilbert 共LLG兲
damping parameter ␣ 共dimensionless兲 or relaxation rate G
共megahertz兲.13 Inhomogeneous linewidth is independent of
resonant frequency, described by ⌬H0, arising from a locally
inhomogeneity of microstructure.
The variable-frequency in-plane FMR linewidths
⌬Hpp共兲 are shown in Fig. 3, with linear fits to Eq. 共3兲, for
all samples. Using the effective g factors 共geff兲 from out-ofplane FMR measurements, damping constants ␣ can be extracted, shown in the inset of Fig. 3. There is a clear increase
in slope with increasing Cu doping, where ␣ values increase
from 0.0081± 0.0003 for pure Ni81Fe19 to 0.0242± 0.0006 for
30% Cu doped Ni81Fe19.

FIG. 2. 共Color online兲 In-plane Kittel plot of Ni81Fe19 films with different
Cu doping. Solid lines are nonlinear fits to Eq. 共2兲.

FIG. 4. 共Color online兲 Saturation magnetization 0M s of various Cu doping
Ni81Fe19 films extracted from both out-of-plane and in-plane broadband
FMR measurements, including the comparison with theoretical calculation.
Extracted LLG relaxation rates G are also shown here.

 = 0␥0geff冑共H + Hk + M s兲共H + Hk兲.

共2兲
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The extracted values of saturation magnetization from
broadband FMR measurements are compared with theoretical values based on the well-known Slater-Pauling relation14

0M s共xCu兲 ⬵ 0M s共xCu = 0兲 − 1.38xCu共T兲,

共4兲

where xCu denotes the concentration of Cu doping in
Ni81Fe19 films. In the calculation, we take the theoretical
value of zero doping Ni81Fe19 film as the average of those
two extracted values from out-of-plane and in-plane FMR
measurements. As shown in Fig. 4, the extracted values from
broadband FMR measurements are consistent with the theoretical values. The results are also similar in variation with Z
to those found on the low-Z branch of the Slater-Pauling
curve, in epitaxial Fe1−xVx.15 LLG relaxation rate G can be
related to damping parameter ␣ by

IV. CONCLUSION

Ferromagnetic resonance and relaxation 共damping兲 of
共Ni81Fe19兲1−xCux thin films have been measured by broadband FMR technique in parallel 共in-plane兲 and perpendicular
共out-of-plane兲 resonance configurations. It is found that the
saturation magnetization 0M s decreases with increasing Cu
doping concentration, in good agreement with Slater-Pauling
values. In addition, the LLG damping constant ␣ and relaxation rate G both increase with more Cu alloyed into
Ni81Fe19 despite the marked decrease of moment.
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共5兲

Using 0M s and ␣ from in-plane FMR measurements and
geff from out-of-plane FMR measurements, G values can
thus be obtained according to Eq. 共5兲. As shown in Fig. 4,
when Cu is alloyed into Ni81Fe19, G increases despite the
decrease of saturation magnetization, from 112± 4 MHz for
pure Ni81Fe19 to 150± 4 MHz for 30% Cu doped Ni81Fe19.
The LLG relaxation rates G as a function of Cu content
extracted from our broadband FMR measurements do not
follow a simple dependence on the effective g factor geff,
which poses some interesting questions about the fundamental nature of relaxation. It is not obvious that the Kambersky
theory6,7 holds here, as the geff − 2 does not increase as Cu is
added, but vibrate within the small range of 2.11–2.07. A
further electrical measurement of the scattering time  is thus
needed to test the Kambersky theory for Cu doped Ni81Fe19
samples.
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